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PREFACE

As a result of the 1981 Defense Science Board Summer Study

on Operational Readiness, Task Order T-2-126 was generated to

look at potential steps toward improving the Material Readiness

Posture of DoD (Short Title: R&M Study). This task order was

structured to address the improvement of R&M and readiness

through innovative program structuring and applications of new

and advancing technology. Volume I summarizes the total study

activity. Volume II integrates analysis relative to Volume III,

program structuring aspects, and Volume IV, new and advancing

technology aspects.

The objective of this study as defined by the task order

is:

"Identify and provide support for high payoff actions
which the DoD can take to improve the military system
design, development and support process so as to pro-
vide quantum improvement in R&M and readiness through
innovative uses of advancing technology and program
structure."

The scope of this study as defined by the task order is:

To (1) identify high-payoff areas where the DoD could
improve current system design, development program
structure and system support policies, with the objec-
tive of enhancing peacetime availability of major
weapons systems and the potential to make a rapid
transition to high wartime activity rates, to sustain
such rates and to do so with the most economical use
of scarce resources possible, (2) assess the impact of
advancing technology on the recommended approaches
and guidelines, and (3) evaluate the potential and
recommend strategies that might result in quantum in-
creases in R&M or readiness through innovative uses
of advancing technology.
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The approach taken for the study was focused on producing

meaningful implementable recommendations substantiated by quan-

titative data with implementation plans and vehicles to be pro-

vided where practical. To accomplish this, emphasis was placed

upon the elucidation and integration of the expert knowledge

and experience of engineers, developers, managers, testers and

users involved with the complete acquisition cycle of weapons

systems programs as well as upon supporting analysis. A search

was conducted through major industrial companies, a director

was selected and the following general plan was adopted.

General Study Plan

Vol. III * Select, analyze and review existing
successful program

Vol. IV * Analyze and review related new and
advanced technology

Vol. II (o Analyze and integrate review results
(o Develop, coordinate and refine new concepts

Vol. I * Present new concepts to DoD with implementa-
tion plan and recommendations for application.

The approach to implementing the plan was based on an

executive council core group for organization, analysis, inte-

gration and continuity; making extensive use of working groups,

heavy military and industry involvement and participation, and

coordination and refinement through joint industry/service

analysis and review. Overall study organization is shown in

Fig. P-1.

The basic technology study approach was to build a founda-

tion for analysis and to analyze areas of technology to surface:

technology available today which might be applied more broadly;

technology which requires demonstration to finalize and reduce

risk; and technology which requires action today to provide reli-

able and maintainable systems in the future. Program structur-

ing implications were also considered. Tools used to accomplish

P-2
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DEPUTY DIRECTOR
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CASE STUDY DIRECTOR ANALYSIS DIRECTOR TECHNOLOGY DIRECTOR

PAUL GOREE RICHARD GUNKEL DR. HYLAN B. LYON, JR.
(IDA) (CONSULTANT) (TEXAS INSTRUMENTS)

FIGURE P-1. Study Organization

this were existing documents, reports and study efforts such as

the Militarily Critical Technologies List. To accomplish the

technology studies, sixteen working groups were formed and the

organization shown in Fig. P-2 was established.

- This document records the activities and findings of the

Technology Working Group for the specific technology as indi-

cated in Fig. P-2. The views expressed within this document
are those of the working group only. Publication of this docu-

ment does not indicate endorsement by IDA, its staff, or its

sponsoring agencies.

Without the detailed efforts, energies, patience and

candidness of those intimately involved in the technologies

studied, this technology study effort would not have been

possible within the time and resources available.
.'P-
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"When you can measure what you are speaking

about and express it in numbers, you know something

about it; but when you cannot, your knowledge is of

a meagre and unsatisfactory kind."

-- Lord Kelvin

(1824-1907)
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MECHANICAL SYSTEMS CONDITION MONITORINGj

STATEMENT OF PURPOSE

STUDY OBJECTIVE

*4 0 Identify and provide support for high-payoff actions

* which the DoD can take to improve the military system

design, development and support process so as to

provide quantum improvements in R&M readiness through

innovative uses of advancing technology and program

structure

STUDY APPROACH

0 Select, analyze and review existing successful programs

Analyze and review related new and advancing technologyU

*Analyze and integrate review results

*Develop, coordinate and refine new concept(s)lo

*Present new concept(s) to DoD with recommendations for

implementation
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I. EXECUTIVE SUMMARY

Propulsion, transmission and structural aspects of current

weapon systems can be significant contributors to the readiness

or lack of readiness of these systems. The Mechanical Systems

Condition Monitoring working group has now concentrated on the

key technology area of condition monitoring of the major

.4 mechanical portions of these weapon systems, turbine engine and

power transmissions, and has formulated specific R&M improvement

proposals within the guidelines and goals of the R&M Study.

Because of the potential for high payoffs, turbine engine

condition monitoring and engine and transmission failure

detection and prognosis technology were the major areas of study

concentration. It is possible that a similar concentration in

the structural area could yield comparable results for future

systems.
The MSCM study approach addressed three facets of the task:

(1) Determination of current technology to current

program marriages where near in, high payoff R&M

improvements could be achieved with modest

investment.

(2) Determination of developmental or emerging tech-

nologies that if expeditiously developed and

applied could provide quantum improvement in

readiness.

(3) Determination from MSCM-oriented program case

studies of the programmatic changes that could

result in significant positive R&M inputs. • N
.5'

Figure I-1 illustrates the MSCM study approach and serves as

a guide for locating the detailed back-up data for each study area.

47/9-1
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The principal mechanical systems condition monitoring study

findings are:

" High R&M payoff MSCM technology currently exists and

is under-utilized.

- Fine filtration

- Engine condition monitoring

- Quantitative lube oil on-board debris monitoring

- Vibration and shock pulse analysis

* R&M improvements are possible on current, emerging, and

new weapon systems from MSCM technology:

- Helicopter

- Fighter aircraft

* New technology is emerging which, if implemented, will

increase R&M payoffs on future systems:

- Transmission condition monitoring system

- High temperature turbine engine internal

vibration sensor

- Aircraft structural integrity tracking and

prognostic program

- M-1 tank mechanical condition monitoring system

- Electrostatic engine wear monitor

- Fiber-optic bearing condition monitor

- Ultrasonic lube oil small wear particle sensor

• R&M improvements from MSCM programmatic changes

- MSCM visibility early in development

- Engine condition monitoring needs tri-service

coordinated emphasis

- MSCM standards/design guidelines.

These findings lead to several recommended high R&M payoff actions

in the three MSCM study areas.

47/9-2
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1. Current Technology/Current Program Proposals
-.4

Two current technology applications to existing weapons

systems are proposed as a means of realizing near-in R&M improve-

ments. As a second phase, fourteen technology R&D programs were

developed and ranked in three priority categories: (1) Those

with near-term R&M payoff, (2) those with payoff on future

programs, and (3) those with R&M benefits apparent but needing

an application program to better define the magnitude of payoff.

Realization of these R&M improvements in terms of readiness

as well as return on investment requires program funding. The

favorable cash flow analyses notwithstanding, front-end investment
is required. While reprogramming of a weapon system's current

4I

funds has been a somewhat traditional approach to funding of

changes, it can be quite ineffective on R&M improvements because

of the disproportionate current emphasis of performance over R&M

considerations and the classic shortage of funding for even the

most crucial changes that exists on many (especially fully

deployed) weapon systems. One of the primary findings of this

study is the advisability of a separate funding path for the

proposed MSCM R&M improvements, especially in the case of the

two current technology application programs proposed.

The programs proposed to provide near-in benefits of the

application of current MSCM techniques to deployed weapon :1
systems will also serve as technology demonstrators for the

extension of the technology and R&M benefits to similar current

or follow-on weapons.

(a) Helicopter fleet availability for current and

future can be improved by 4.5 percent through

the application of fine filtration and improved

oil debris diagnostics to the engine and trans-

mission lubrication systems. Overall operational 4

readiness can be improved by 0.2 percent. For the

47/9-3
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current UH-I/AH-1 4,000 aircraft fleet, this

proposed change results in annual maintenance

and spares savings of $7 million, a 10-year

RoI of 6:1, and a break-even point of 20 months.

Extension of this technology to the UH-60 and

AH-64 weapon systems is also highly recommended

to enhance the R&M of these systems.

(b) Extension of the trial lot A-7E Engine Condition

Monitoring System to the total A7-E fleet and

transition of this proven technology to the F-14A

could produce as much as 35 percent availability

increase primarily through reduction in unnecessary

engine removals. On the A-7E test fleet a 2.8:1

reduction of total maintenance man hour per flight

hour was demonstrated. A reduction of 6:1 was achieved

in Level 2 maintenance man hours per flight hour,

illustrating the further benefit of accomplishing

more of the remaining required maintenance at the

flight line rather than at the second level.

Extension of this technology to the F-14, especially

the re-engined version, is highly recommended.

2. MSCM Technology Development

New technology exists which can fill the current gaps in

engine and transmission condition monitoring coverage and can

provide LCC savings in excess of $1.6 billion on current and

developmental weapon systems.

Technology or application holes exist in current MSCM

coverage of the condition monitoring task for turbine engines

and transmissions. Some of these holes can be eliminated simply

by applying currently proven technology such as turbine engine

47/9-4
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condition monitoring, shock pulse analysis, and quantitative oil

debris monitoring more extensively. Some of these holes require

the further focused development of technologies such as vibration

analysis and advanced gearbox diagnostics.

Figure 1-2 broadly illustrates the potential and existing

coverage of these broad technology areas.

The assessment of MSCM technology involved extensive review

of current development efforts of six industrial operations and

*. one military research center. This comprehensive review of current

state-of-the-art resulted in fourteen technology development and

demonstration proposals focused on the goals of eliminating the

current MSCM technology gaps and providing high payoffs in the

R&M of current and future weapon systems. These proposals are

summarized in Fig. 1-3 and detailed in later sections of this

report. It is a goal of the MSCM portion of the R&M study to

effect changes in R&M through application of these individual

developments to current and emerging weapon systems. To this

end, a continuing effort focused on contractor/program office

implementation of these proposals is intended--the result of

this effort should be change and R&M improvement, not study

and recommendation.

To establish action emphasis in the technology development

area, the fourteen proposed programs were prioritized in three

categories based on potential for R&M improvement, existence of

a weapon system program that could benefit, and return on

investment. Figure 1-4 summarizes this.

3. Development Program Changes in the MSCM Area

Programmatic changes are indicated in the area of enhancing

MSCM visibility early in the system development effort rather

than as a remedial addition to an ailing system. Engine condition

47/9-5
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monitoring should be coordinated between the three Services.

MSCM Guidelines and Standards are required across the Services

on current and new programs.

The MSCM working group is composed of aircraft industry,

diagnostic industry, and tri-Service personnel specializing in

R&M and MSCM technology. We have drawn new technology

presentations from seven industry and government laboratory

participants. While the MSCM study has not been exhaustive, it
5% has been thorough in the aspects covered, and has produced

tangible results and achievements toward the goal of improving

R&M through innovative application of MSCM technology.

Extensive industry support in the form of technical data

and technical presentations was received. This resource

information is included in Appendix A. Additionally, SAE

Document AIR-1828, a definitive resource on oil condition

monitoring technology and current system usage, has been

included as Appendix B.

Current trends toward RCM demand an increased emphasis on

this kind of technology and, indeed, depend for their success

on the prudent application of MSCM.

47/9-10
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MECHANICAL SYSTEMS CONDITION MONITORING TECHNOLOGY--

WHAT IS IT?

The mechanical system aspects of current weapon systems,
while leading contributors to R&M levels, are not monitored to

an extent even comparable to the electronics on these weapons

systems. The propulsion system on the F-15C, for example,

accounts for 21 percent of the mean time between maintenance

(MTBM), and is nearly twice as significant as the next nearest

contributor (the fire control radar).

The mechanical system aspects of current weapons systems

include propulsion, power transmission, structure and auxiliary

systems (such as hydraulic controls). Clearly, all mechanical

systems are not equally significant contributors to the R&M

level achieved and, therefore, not all are candidates for

l~J improvements that can lead to quantum changes in R&M. To

address the major issue of the present R&M Study, two key areas

were selected for the MSCM concentration because they appear to

offer the most potential for high payoff.

Turbine engines and transmissions were selected with areas

of application including tanks, fixed wing aircraft, and

helicopters. For these mechanical systems several condition

monitoring disciplines apply.

Turbine engine performance is monitored by measuring

primary engine parameters such as speed, fuel flow, gas
temperature and pressure, determining engine operating performance

and comparing that to standards to indicate off-nominal or

subnormal performance. A computer program, specific to each

engine, is used to translate engine parameter values to engine

performance figures. The strength of this diagnostic is its

ability to indicate degradation and to a large extent isolate

the source permitting measurement of remaining component life.

47/11
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Components within turbine engines and transmissions may be

monitored by measurement and signature analysis of vibration.

This technology, while involving considerable complexity, can

isolate damage to given components, track damage growth, and

predict failure. With the advent of "expert computers"

(artificial intelligence), this technology can come of age.

Quantitative debris monitoring systems for ferrous debris

detection in the lubricating oil systems of turbine engines and L
transmissions provide damage detection and growth measurement

. data for ferrous oil-wetted components (bearings and gears).

Debris size and rate of generation are direct measures of the

onset of, seriousness of, and rate of progression of damage.

This technology is developed, applied to commercial turbine

4engines and gearboxes, and is capable of translating the savings
in spares and unnecessary component removals achieved there

directly to comparable military equipment.

MSCM, then, combines the elements of measurement of

performance and detection of damage with the possibilities of

prognostics to eliminate unnecessary and premature removals.

New technology, proven technology, and demonstrated results of

the application of the technology indicate that R&M benefits

are achievable if the technology is applied to current and

.1 future military systems. ,4.
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II. MSCM STUDY APPROACH

The approach taken by the MSCM group was generally parallel

with that of the entire R&M Study and was consistent with the

overall study objective to identify and provide support for

high-payoff actions which the DoD can take to improve the

military systems design, development and support process so as

to provide quantum improvements in R&M (readiness) through

innovative uses of advancing technology and program structure.

The MSCM effort consisted of three tasks:

(1) Current technology applications reviews

(2) New technology assessment

(3) Program case studies--lessons learned.

The issues addressed include:

" Can MSCM increase operational readiness through

preventive maintenance actions at reasonable costs?

" Are MSCM techniques being properly utilized to the

proper extent through R&M logistics analysis?

CURRENT TECHNOLOGY APPLICATIONS

In this task the approach was to select, analyze, and review

existing successful programs where MSCM is applied to determine

how these techniques can be effectively applied to other existing

weapons systems and provide near-in high-payoff results in

system operational readiness or substantial reductions in

system operating costs, with a minimum of development investment
and risk.

47/12-1
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(. NEW TECHNOLOGY ASSESSMENT

The approach taken in this task was to contact the MSCM

industrial community and arrange briefings and reports on their

*technology thrusts containing:

0 Brief description of the MSCM technology

* Recommended application of the technology

* Anticipated R&M benefits--tangible and justified

0 Resource required/source/development schedule.

Excellent presentations were received, analyzed, and

reviewed relative to new and advancing technology, R&M improvement

targets, benefits, cost and schedule of proposed programs.

PROGRAM CASE STUDIES--LESSONS LEARNED

Our approach to case studies was to task group members to

thoroughly review various engine programs from a single

perspective, MSCM, and ask the following basic questions:

" Was MSCM considered early in the development

.4 program? If so, how implemented?

* Was MSCM considered only after development or

production? If so, how implemented?

" If MSCM was implemented at some time, what was

the motivation?

Along with the research into the programs, lessons learned

on good program features were to be captured and listed.

The goal here was to look at programs which were in various

phases of acquisition and present the results in tabular form 4

47/12-2 4
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for comparison. This procedure was intended to determine what

had been done correctly in successful programs and could be

extended to new development programs.
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III. R&M IMPROVEMENT PROPOSALS
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III. R&M IMPROVEMENT PROPOSALS

INTRODUCTION

0. Significant gains can be made in improving weapon systems'

reliability and maintainability by applying proven diagnostic

technology to new systems. This study has identified two

potential high-payoff actions which, if implemented, will

result in increases in system operational readiness and

substantial reductions in system operating costs. The

recommendations of this study group are that propulsion system

full flow debris monitoring and fine filtration be applied to

the UH-l/AH-I helicopters and that the A-7E in-flight engine

condition monitoring system (IECMS) be extended to the F-14

aircraft. Both of these diagnostic systems have undergone

extensive development and operational flight testing and have

demonstrated successful operation and reliability improvements.

The helicopter oil-wetted component Oil Debris Diagnostics

System (ODDS) and filtration system was designed to reliably

detect failures, reduce the high rate of false and nuisanc"

chip light indications, and help reduce no-fault removals of

oil-wetted components while improving component life and N

extending the useful life of the lubricating oil. Over .-

1 70,000 flight hours on 50 UH-lH helicopters have demonstrated

that ODDS meets these goals.

The A-7E IECMS provides engine monitoring capabilities

such as automatic fault detection/isolation component life

usage tracking and cockpit warnings of impending catastrophic

failures. The system, even though designed for the A-7E, can

47/1-1
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be applied to other aircraft/engine applications. A-7E IECMS-

equipped aircraft have had no engine-caused aircraft losses

and a reduction in maintenance man hours per flight hour.

The following proposals provide a brief description of

the technology, the new application, and a quantitative

assessment of the benefits gained from implementing the

technology including a return on investment evaluation.

111-2
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OIL DEBRIS DIAGNOSTIC SYSTEM (ODDS)

FOR HELICOPTER PROPULSION SYSTEMS

DESCRIPTION:

An advanced oil debris discrimination and filtration system

has been developed which extends component life, permits full

implementation of on-condition maintenance, and provides quantum

improvement in operational readiness.

The system has been developed for the UH-1/AH-l helicopters,

but has potential for broad application to turbine engines and

drives in other helicopters, fixed-wing aircraft and surface

vehicles.

The system is composed of an ultrafine (3-micron) filter

unit and advanced full-flow chip detectors for the engine and

main transmission, and discriminating chip detectors for the

gearboxes without recirculating oil systems.

PROPOSAL:

Incorporate this system on current UH-1 and AH-1 aircraft

on a high priority basis.

RECOMMENDATIONS:

1. Extend the application of the system to the UH-60,

AH-64, CH-47, CH-53 and OH-58 helicopters.

2. Apply the technology to the engines and systems of
other high performance military systems, such as F-15 airframe

mounted gearbox, LACV 30, M-1 engine, LM-2500, and T-56 gearbox.

47/2-1
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3. Require the application of this technology to all

future turbine engine and mechanical drive development programs.

BENEFITS:

* Reduction F.A.R ...................... 48% reduction

. Increase oil change interval ........ 3:1 increase on

transmission

10:1 on engine

0 Increase filter change interval ..... 3:1 increase

0 Increase MTBR ........................ 20% above currently

improved MTBR

4 Reduction in MMH requirements .... 72,800 MMH/yr

INTANGIBLES:

* Increased component life due to finer filtration will

result in reduction in spares cost and logistics burden

due to a gradual increase in mean time between removal

(MTBR)

* Reduction in consumables

• Improved mission reliability

* Improved safety.

RESULTS:

* Permits on-condition maintenance

* Increases operational readiness

0 Increases mission reliability

47/2-2
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COST/BENEFIT ANALYSIS (UK-i fleet):

" $7M annual cost savings

" Payback 1.7 year

* 10-year ROI =5.86:1

* PROPOSED PROGRAM (UH-i fleet retrofit):

* Cost: $12.5M

0 Performance period: 3 years

472-
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PROGRAM COST

12 .514
1214

9y4

3f[

FIRST YEAR I SECOND YEAR I THIRD YEAR
5.1514 4.01Of 3.3514

PROGRAM SCHEDULE

YEAR -RYE SECOND YEAR I THIRD YEAR

TOOLING

DESIGN

PRODUCTION

INSTALLATION

SPARES _ _ _ _

-. q

47/2-4
2/16-1
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* FULL-FLOW DEBRIS MONITORING AND FINE FILTRATION

RETURN ON INVESTMENT

-0-J

FIRST YEAR SECOND YEAR THIRD YEAR FOURTH YEAR o
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OIL DEBRIS DIAGNOSTIC SYSTEM (ODDS) .1
COST SAVINGS SUMMARY

Aircraft

Item Cost Saved Hours Saved

1. Removal of TBO from trans- $2,665,680 6,240

mission

2. On-condition filter element 65,880 2,034

replacement

.4 3. Oil samples not required 1,626,660 27,111

4. Reduction in precautionary 2,294,260 27,336

landings

5. System drain and flush 93,975 1,790

6. No-fault removals, engine 82,466 1,045

and transmission

7. Reduction in spares cost 176,840 -0-

Totals $7,005,761 65,546

Intangible benefits not included in savings analysis are:

yearly cost savings during wartime of $14 million per year,

reduction in consumables, maintenance burden, and unscheduled

maintenance. ODDS provides for increases in mission reliability,

aircraft availability, and improved safety.

The following cost savings and OR rate improvement analysis

are based on the ODDS fleet of 4,000 UH/AH-l helicopters. The

83/27-1
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average flight hours per year for this fleet is assumed to be

800,000. Various assumptions have been made in the following

analysis; these are denoted by an asterisk (*). All assumptions

are believed to be conservative and are used where specific

values are not known. Other statistical data are presented and

the source of these data are shown by subscripts 1, 2, 3, etc.

It may be noted that aircraft hours used in the following

analysis do not include the wartime role of these helicopters.

Based on projected wartime usage the cost savings and increased

OR shown would more than double. Considering the above scenario,

the OR rate improvment is:

65,546 = 0.19%
• " 35,040,000

1. Remove TBO from transmission when ODDS are installed:

MTBR will increase from the current 1,2501 to 2,000* hours,

Therefore: 800,000 = 400 trans. OH/yr. (new system)
2,000

800,000 640 trans. OH/yr. (old system)
1,250

Results in 240 less trans. OH/yr. x $91072 = cost saved = $2,184,000

Field labor to remove and replace 240 trans. =
$303 per hr. x 601 MMH x 240 = $432,000

Cost to ship 240 trans = 240 x $162* = $38,880

30* gal fuel MOC x 240 = 7,200 gal @ $1.50 = $10,800

Total saved =$2,665,680

261 aircraft hours required for all removal and

replacement, and includes 30 min. MOC

26 x 240 = 6,240 aircraft hrs.

Subscripts: 1 SDC 3 AVRADCOM 5 Ft Rucker Test

2 CCAD 4 SS 6 MERSA

83/27-2
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a. 4

'- 2. Filter element replacement for the ODDS is on-condition:

*" Std. system 800,000 = 5,400 replacements/year
150 hrs

Replacement cost for std. filter = 5,400 x $12 ea = $64,800
%'

3-micron filter (2)*** 800,000 = 1,332 x $45 ea = $59,940
1 ,200

5400 - 1332 = 4068 less changes per year with ODDS. "

"'" Labor to change filter: 4,068 x 1/2* hr x $30 = $61,020

* 1/2 hr x 4,068 = 2,034 hrs. The aircraft is not available.

Total saved = $65,880

"i ** Requires 2 engine and transmission

3. ODDS does not require oil samples:

Current engine: 800,000 = 66,666 samples
12

Current transmission: 800,000 = 32,000 samples
25

Current 900 gearbox: 800,000 = 32,000 samples
25

Current 420 gearbox: 800,000 = 32,000 samples
-~ 25

Total samples std. system = 162,666

162,666 samples at $56 = $813,220 total lab. cost

Field labor 10* min./sample: 27,111 hrs x $30 = $813,330

Aircraft not available = 27,111 hrs.

"- Total saved: $1,626,660

83/27-3
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4. Precautionary landings reduced by ODDS:

3.635 less chip lights/1,000 fit hrs.

49% of landings are off-site and require 14 hrs to recover

j
51%4 of landings are on-site and require 5 hrs to recover
49% x 3.63 = 1.7787/1,000 less recoveries off-site

51% x 3.63 = 1.8513/1,000 less recoveries on-site

1.7787 x 800 x 14 hrs = 19,921 aircraft not available

1.8513 x 800 x 5 hrs = 7,405 aircraft not available

Total hours aircraft not available = 27,326 hrs

Cost: 800 x 1.7787 x $1,300*/recovery = $1,849,848

800 x 1.8513 x 5 hrs x 2 MMH x $30 = 444,312

Total saved = $2,294,260

5. Flush and drain from special oil samples and component
removals:

a. Special oil samples = 1/1,000 hrs of operation*

2 acft hrs reqd per operation

2 x 800 = 1,600 acft hrs

Cost: 2 MMH x $30 x 800 = $48,000

Fuel cost for MOC after flush and drain

30 gal x $1.50 x 800 = $36,000

b. Components removed for contamination

Engine removed for oil contamination per yr =592

Transmission removed for oil contamination per yr = 36*

Total = 89 components removed for contamination

95 x 30 gal x $1.50 = $4,275 Fuel for MOC

83/27-4
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c. ODDS does not require system FLUSH after
component replacement

95 components replaced @ 2 acft hrs
for flushing = 190 hrs.

190 hrs x $30 = $5,700

Total saved = $48,000 + $36,000 + $4,275 + 5,700 = $93,975

6. No-fault removal engine and transmission:

Engine 9/yr 2 ; trans. 10/yr*

50 MMH hrs required to remove and replace engine

60 MMH hrs required to remove and replace transmission

110 MMH hrs = 55 acft hrs (MMH includes 2 men)

55 x 19 = 1,045 acft hrs total

. Cost: Engine 50 MMH x $30 x 9 = $13,500

* Trans 60 MMH x $30 x 10 = $18,000

Shipping engine: $194 x 9 = $1,746

Shipping transmission: $162 x 10 = $1,620

Depot labor (engine): 120 MMH* x 30 x 9 = $32,400

Depot parts (engine): $200* x 9 = $1,800

Depot labor (trans.): 40 MMH* x 30 x 10 = $12,000

Depot parts (trans.): $140 x 10 = $1,400

Total saved = $82,466

7. Reduction in spares cost engine transmission: 10%

Eng OH/yr = 800,000 = 842
950

Trans OH/yr - 800,000 _ 640
1,250

83/27-5
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Eng. spares cost = $200* x 842 - $168,400 x 10% = $16,840

Trans. spares cost =

$2,500* x 640 = 1,600,000 x 10% = $160,000

Total saved = $176 ,840
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ANNEX 1

CHIP LIGHT FREQUENCY - UH-1H

Standard Aircraft Modified Aircraft

T-53 engine .00125 .00333*

420 gearbox .00250 .00002
* ..,.

90 ° gearbox .00250 .00002

Main transmission .00133 .00058

TOTALS .00758 .00395 .°,

48% reduction in chip lights with modified system

*Latest design indicates .00222.

47/2-11 1111-14
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ENGINE CONDITION MONITORING SYSTEM

APPLICATION PROPOSAL

DESCRIPTION:

An engine life usage/condition monitoring system has been

developed which permits on-condition maintenance, and provides '-

*. a quantum improvement in operational readiness.

The system provides continuous monitoring of aircraft

engine sensors for airborne and ground data analysis which has

* been successfully demonstrated for over 50,000 hours of fleet

* operation.

* The key elements of the system allow for existing engine

sensors to measure parameters of performance and performance

* degradation through computation and data storage combined with

4 software which translates sensor outputs to performance indicators.

' PROPOSAL:

Retrofit the complete A-7E Navy aircraft fleet, and extend

the application of the A-7E IECMS to the F-14A.

RECOMMENDATION:

Specify the IECMS functional capabilities for all new

aircraft engines including AV8-B, VTX, and JVX.

47, -1
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A7E DEMONSTRATED RESULTS:

0 A-7E IECMS EXPERIENCE

-- No engine-caused aircraft losses in 50,000 flt hrs

versus fleet average (last 2 years) of 15,000-20,000

flt hrs/engine caused aircraft losses

-- 2.8 to 1 reduction of total engine maintenance

man hrs per flt hr

6 to I reduction in level 2 maintenance man hr/flt hr

-- 40 percent reduction in total engine removal rate.

Estimated VA-46 and VA-72 maintenance cost savings

due to reduced engine removals in 1980 alone was

S2.lM

-- Reduced unsubstantiated component removals--45 percent

reduction in 1 year (10,500 flt hrs)

-- 3-4 year LCC payback (without aircraft saves) based on

LCC analysis.

APPLICATION BENEFITS:

0 Improved aircraft readiness--increased engine availability

0 Improved safety--early detection and reduced aborts

0 Reduced spares support--increased component life usage,

reduce no-fault removals, and secondary damage

0 Improved maintenance--automated diagnostics and trouble-

shooting

0 Improved engine logistic management--parts tracking,

product support programs and design inputs

• Reduced fuel requirement--decreased trim time and

effective trouble shooting.

47/3-2
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RESULTS:

" Increases operational readiness

- Increases mission reliability

t Reduces maintenance burdens

COST/BENEFITS

.4 • F-18 IECMS

-- G.E. projected life cycle saving of $270K per engine

due to life usage monitoring for 2,000 to 3,000

engine fleet--$540M LCC saving

.. -- Demonstrated improved troubleshooting efficiency

-. , -- Demonstrated quick response to new fleet problems--

IECMS diagnosed compressor blade failure cause and

provide early cockpit warning fix.

" F-14 EMS Application

-- Reduction of engine MMH/FH

-- Reduced engine removal rate

-- Reduced unnecessary component removal

-- Eliminate need to procure redundant aircraft

fatigue monitoring system

-- Early LCC payback

ESTIMATED COST OF IMPLEMENTATION PROGRAM:

* A-7E EMS Retrofit Program (OSIP-in process)

-- Over 300 aircraft/400 engines

-- Unit cost per aircraft $100K

-$35-40M Total

47/3-3
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* F-14 EMS Application

-- All aircraft (production)

-- Include aircraft fatigue monitoring capability

-- Unit cost per aircraft $100K

-- $80 - $100M total.

.%"
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A-7E ENGINE MONITORING SYSTEM (EMS) PROGRAM

1. The A-7E Engine Monitoring System (EMS) Program, originally

called the Inflight Engine Condition Monitoring System (IECMS),

was started in 1971 with fabrication and test of a prototype

system developed to reduce engine-caused aircraft losses. The

EMS retains all the functional capabilities and benefits of the

older IECMS while improving system reliability at reduced

costs and complexity. The EMS is designed to provide for early

detection of TF41 engine malfunctions and to reduce the

maintenance time associated with troubleshooting engine

discrepancies. The EMS also provides the engine component life

usage tracking and performance degradation trending data required

to support the "on-condition" maintenance aspects of the CNO

directed Engine Analytical Maintenance Program (EAMP).

2. Both the EMS and the IECMS consists of (1) a set of engine

and airframe sensors, (2) a set of avionics equipment for

continually monitoring sensed parameters and recording data when

required, (3) cockpit warning lights for alerting the pilot to

potentially catastrophic engine problems, and (4) a ground

processing station for automated and detailed analysis of.E 5

recorded data. Reliability and affordability considerations

have led to the development of a lower cost and less complex

version of the EMS. This recently refined version of the EMS

uses fewer engine parameters and takes advantage of current

avionics micro-processor technology to significantly reduce

system cost and improve reliability over the originally IECMS.

3. The A-7E IECMS has undergone a long history of evaluation

test and fleet operational usage. A TECHEVAL was followed by

a fleet operational evaluation. Update (pilot production)

units were subsequently incorporated into all VA-46/72 aircraft

83/28-1
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for extended operational assessment and software refinement.

To date the system has accumulated over 50,000 operational

flight hours on five carrier deployments and has been extremely

well received by user activities. The system has proven to be

a highly useful maintenance tool, significantly reducing the

maintenance man-hours required for troubleshooting, reducing

aircraft downtime, increasing aircraft availability and determining

the need for unscheduled maintenance. NARF Jacksonville analysis

has shown that, from July to December 1978, the IECMS equipped

A-7E squadrons exhibited a decrease in maintenance man-hours

per flight hour on the order of 2.8 to 1 when compared with two

other non-IECMS A-7E squadrons similarly deployed. This same

analysis also showed that the IECMS equipped aircraft flew more

hours and proportionately shifted their level of repair actions

to lower maintenance levels than the average A-7E squadrons.

Additionally, the IECMS equipped engines experienced a reduced

material cost per repair action, a situation reflecting the

capability to decrease secondary damages through early problem
detection. Operational experience with the IECMS has continuously

* exhibited an increase in time between engine removals when compared

with the fleet average and has generated several documented

squadron reports of IECMS indications averting a safety-of-flight

incident or possible aircraft loss. One evaluation of IECMS

equipped squadrons documented a 65 percent reduction in premature

and a 45 percent reduction in total engine removal rates.

4. All deficiencies identified in early IECMS testing have

been addressed and fixes implemented in the EMS design. The

IECMS is currently deployed with VA-46/72 and all reports

indicate the system is continuing to meet its performance goals.

Continued user recommendations to implement the system fleet wide

have resulted in OPNAV support of a retrofit A-7E EMS program.

The EMS is currently being procured as a fleet-wide OSIP retrofit

program.

83/28-2
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5. The fleet experience with the A-7E IECMS is being used in

,. the F/A-18 aircraft IECMS program. The A-7E EMS avionics have

been designed to support an engine monitoring requirement on

another aircraft type. The F-14A aircraft and TF30 engine

particularly can use the benefits afforded by implementation of

* engine monitoring. The A-7E EMS avionics could be used with

minimum hardware changes to implement engine monitoring on the

F-14A aircraft.

F-18 IECMS DEMONSTRATED ENGINE DEVELOPMENT BENEFITS

Early testing of the F404 engine on the F-18 provided a good

example of the value of an EMS applied during engine development.

The F404 engine used in the F-18 aircraft has experienced a

hardware failure that demonstrates both the benefits and flexi-

bility of an EMS on new aircraft. Every F404 powered F-18 aircraft
has an Inflight Engine Condition Monitoring System (IECMS). Early

in the fleet introduction phase of the F-18 aircraft program,

several F404 engines experienced inflight failures of 4th stage

compressor blades. These failures caused internal FOD, compressor

stalls and significant secondary engine damage. To troubleshoot

and define the cause of this type of engine failure would normally

require an exhaustive contractor engineering investigation backed

up by much costly ground and flight testing to verify the cause.

All this investigation would have normally taken a great deal

of time and money. Instead, since each F-18 has an IECMS,

data was recorded that led to a timely definition of the cause

of the blade failure. The IECMS data showed that the engine T1

sensor was failing intermittently. Failure of the T1 signal

impacts the engine in two detrimental ways. First, failure of

the T1 signal causes the engine control to mis-position the fan

guide vanes which leads to resonance fluctuations, and, eventually,

83/28-3
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failure of the 4th stage compressor blades. A T1 sensor failure

also causes other engine anomalies even when there is no danger

of compressor blade failure. These anomalies involve the engine

, control unit and manifest themselves in compressor stalls and/or

, afterburner blowouts.

The proposed fix to the 4th stage compressor blade problem

is to both re-design the engine T1 sensor and to "beef up" the

compressor blade. Both of these hardware "fixes" are long lead

time to fleetwide implementation. The short term solution to

this problem involved an IECMS software change. An IECMS

software algorithm was quickly developed and implemented that

not only recognizes intermittent T1 sensor failures but also

warns the pilot inflight. This new T1 sensor failure software

has been implemented at minimum cost and time and has already

"saved" several engines from blade failures.
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A-7E ENGINE MONITOR SYSTEM

COST BENEFIT

SUPPORT DATA
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IV. MSCM TECHNOLOGY ASSESSMENT

Significant technological advances in the field of mechanical

systems condition monitoring stimulated this committee to pursue

a review of current industry and military research programs. As

with engine condition monitoring, previous oil-wetted component

condition monitoring techniques and procedures are inadequate

to properly and reliably detect and diagnose component condition.

Current SOAP and chip detection systems do not address all of

the failure modes and have not proven to be totally effective

due to application considerations and equipment limitations.
'. 4

As an example, Fig. IV-l summarizes the main points of a recent

Army Aviation mechanical systems diagnostics review of currently-

-applied techniques, their discrepancies, and improvement areas

indicated. The MSCM technology assessment was undertaken to

identify ways to fill perceived gaps in condition monitoring

technology and identify technology improvement areas.

Letters of invitation (Fig. IV-2) were sent to eight manu-

facturers and one military research center. Each letter detailed

our tasking and laid the ground rules for a 2-hour presentation

period by each group. The response to our invitations was

admirable (see Table IV-l). We received two days (11 January

and 15 February) of excellent presentations covering a wide

.1. spectrum of hardware and software programs. Refining the

presentation material to determine the best technology candidates

led to the assessments which follow (see Table IV-2).

The proposals received for new technology development are

well-defined in technology content but somewhat less precise in

the program cost and return on investment areas. Refinement

of these aspects requires a closer definition of program scope,

.ground rules and implementation plan for each of the technologies

47/4-1
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than was possible in the time available. The purpose of this

part of the MSCM effort is to bring up these promising technologies

that have apparent R&M benefit potential and match the appropriate

program and OSD people with the contractor technology sources.

To this end, the level of detail in the proposals should suffice.

It is recognized that implementation requires further detailed

program/equipment definition.

Our general response to the reviews was that equipment

manufacturers seemed most often to specialize in a single

aspect of monitoring, software houses are catching up with

• .microprocessor implementation of diagnostics, and service

programs are still very protective and parochial. The essence

of this is unanimous agreement that monitoring can provide the

traditionally missing information necessary for life usage

. monitoring and early detection and prognosis of mechanical

failures.

In addition to the corporate proposals we have evaluated,

there are three other technological areas that are under

development and have shown potential benefit and require final

development and application consideration:

* Vibration monitoring needs further development
and a strong push for integration into the overall

monitoring discipline.
* Quantitative oil debris monitoring appears ready

for wide application. It is receiving acceptance %

by foreign helicopter and commercial aircraft

manufacturers but needs strong advocacy for U.S.

military systems to allow the same R&M benefits to be

realized.

. Shock pulse technology has demonstrated preliminary

savings of 35 percent of repair costs in transmissions

and reductions in no fault found actions.

* - 47/4-2
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OSD advocacy for new weapon systems application of these

technologies is recommended. These technologies need integration

with automated data processing equipment and application

engineering for the specifics of each system. They are corner-

stone technologies for inflight mechanical system condition

monitoring, failure warning, and prognosis.

We are firm in our belief that low risk technology is

available and the specific programs we are recommending can

indeed provide a quantum improvement in the readiness of high

- performance weapon systems.

"- "
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OSD advocacy for new weapon systems application of these

technologies is recommended. These technologies need integration

with automated data processing equipment and application

engineering for the specifics of each system. They are corner-

stone technologies for inflight mechanical system condition

monitoring, failure warning, and prognosis.

We are firm in our belief that low risk technology is

available and the specific programs we are recommending can

indeed provide a quantum improvement in the readiness of high

performance weapon systems.
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A. CURRENTLY APPLIED MECHANICAL AND LUBRICANT CONDITION
MONITORING TECHNIOUES:

1. ON-BOARD MONITORING 2. GROUND SUPPORT
0 Chip Detectors 0 Crew Inspection
• Oil Sensors • Maintenance Inspection

- Temperature 0 SOAP
- Pressure

0 Crew Sensed

B. OBSERVED DISCREPANCIES WITH EXISTING TECHNIQUES
4..o

ON-BOARD (IN FLIGHT)

1. CHIP DETECTORS 2. OIL SENSORS 3. CREW SENSED
* Placement • Non-Specific * Training/
* Sensitivity Experience
* Nuisance 0 Nuisance 0 Non-Specific

Indications Indications * No Equipment
0 Interpretation

GROUND SUPPORT

1. CREW INSPECTION 2. MAINT. INSPECTION 3. SOAP
0 Training 0 Training • Particle Size
0 Experience * Experience 0 Concentration
0 Equipment Lack 0 Equipment Lack 0 Sampling

• Filtration
* Time Lags for

Results

.4-, C. RECOMMENDED IMPROVEMENTS IN DIAGNOSTICS

1. OIL ANALYSIS 2. CREW AND
PROGRAM MAINTENANCE 3. ON BOARD

* Ferrography 0 Training in Debris • Improved Filtra-
* Microscopy Collection and tion (3p)

(Filter and Chip Evaluation 0 Full Flow Debris
Detector Debris 0 Vibration* Discrimination
Analysis) Chip Detectors

* Water

.4 *Long-term development of a piece of ATE required.

FIGURE IV-l. Mechanical Systems Diagnosis for Army
Aviation--Now and Future
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January 14, 1983 "

Dear Mr. -----------

As part of the OSD/IDA R&M Study commissioned by the

attached Task Order No. MDA903 79 C 0018: T-2-126, new technology
is being reviewed in the area of Mechanical Systems Condition
Monitoring of turbine engines, transmissions, and structures.
Technology that, if developed and applied, could provide quantum
improvements in weapon system R&M is of specific interest to
the study group. The MSCM report to the study Core Group and
OSD will include key technology development recommendations
based on these technology reviews.

We believe that your organization may be performing R&D
4 programs which relate to the requirements of our study, and

invite a representative to present pertinent aspects of your
MSCM work to the MSCM Work Group of the R&M Study on February 15,
1983, from 3:00 p.m.-5:00 p.m. The briefing will be conducted
at the Institute for Defense Analyses, 1801 N. Beauregard Street,
Alexandria, VA 22311 (map attached).

We would appreciate the briefing being made in a viewfoil
format with a copy of the viewfoils (no proprietary data, please)
being supplied for use by the MSCM Work Group in preparing
later briefings and reports.

Our report format requirements can best be met by briefings
that have the following content:

(a) Brief description of the MSCM technology.

(b) Recommended application of the technology.

(c) Anticipated R&M benefits--tangible and justified.

(d) Resource required/source/development schedule.

FIGURE IV-2. Sample letter of invitation to
manufacturers and military research
center (continued on next page)
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Mr. -

January 14, 1983
Page Two

The subject of the briefing should be limited to Mechanical
System Condition Monitoring technology, and the length of the
briefing should be limited to I hr 45 mins including Q&A.
While backup data and reports may be submitted, we request no
hardware demonstrations be planned. For our planning purposes
I would like to have an outline of your presentation (agenda)
'two weeks in advance.

In order that we may make arrangements for your visit,
please forward the names and organizational affiliations or
titles of the attendees to Anthea DeVaughan at 703-845-2370.
Security clearances should be called in to the IDA Security
Office at 703-845-2183, with confirmation following by mail.
Unclassified briefings are desirable.

Thank you for your consideration of this request; we are
looking forward to an interesting briefing.

Please call me if you need any further information. I
can be reached at 215-583-9400 or 703-845-2370.

Sincerely,

Paul L. Howard
Chairman, MSCM

Attachments:
(1) Task Order
(2) IDA map

PLH:amd
37/45-2

cc: Mr. Martin A. Meth
Mr. George Mayer
Mr. John Rivoire

Dr. Hylan B. Lyon, Jr.

FIGURE IV-2 (cont'd)
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MSCM R&D PROGRAM RECOMMENDATIONS

This committee has prioritized the preceding proposals int,

three groups. Prioritization was guided by perceived near-term

availability and quantum improvements in R&M.

The Priority 1 programs recommended for immediate action ar,:

- T-38 Structured Tracking Technology Demonstratimn

Progam (NED)

* Diagnostic Technology Advancement Program--Engine

Structured (NED)

" Integrated Black Hawk Helicopter Transmission

Monitoring System (UTRC)

* High Temperature Proximity Probe 900 0 F--Engine

Rotating Shaft Diagnostics (VM)

0 M-1 Tank Monitoring System (MTI)

. F-16/F-100 TEMS Technology Demonstration Program

(NED & LSI).

The Priority 2 programs recommended for immediate review for

possible development with benefits for future programs:

0 Development of Fiber Optic Rearing Monitor

(DTNSRDC)

. UltraSonic Wear Particle Sensor (DTNSRDC)

0 F-14/TF30 TEMS Technology Demonstration Program

(NED)

" Electrostatic Engine Monitor (UTRC).

47/14-1
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In the third category we have placed programs we feel may

have less immediate and undetermined future benefit. These

programs need specified weapon system application benefit analyses:

0 Extend Acoustic Valve Leak Detector to Tri-

Service (DTNSRDC)
0 Integrated Shipboard Machinery Monitoring

System (DTNSRDC)

0 Engine-Mounted/Fuel-Cooled Vibration Analyzer (VM)

0 Gearbox Extension of Diagnostic Technology (VM).

The following section includes the details of the basic

proposals previously reviewed and ranked. They are succinct and

lack the full justification package required to implement them.

This was done to avoid unnecessary expense being incurred by the

industries that responded and because more definition of scope

and planning is necessary mutually between the industry proposing

the technology and the program which would potentially apply the

*. technology.

Sufficient detail is presented to provide a tangible benefits

overview and a description of the technology itself. Costs and

schedules are somewhat less precise.

The proposals are grouped by company alphabetically. For

clarity the MSCM recommended priority (MSCM-I, MSCM-2, MSCM-3) has

-" been added to the individual proposal description.

47/14-2
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DAVID TAYLOR NAVAL SHIP RESEARCH

AND DEVELOPMENT CENTER
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ACOUSTIC VALVE LEAK DETECTOR
DESCRIPTION

The Acoustic Valve Leak Detector (AVLD) is a portable, nonintrusive
instrument developed by the David Taylor Naval Ship R&D Center in response

to a requirement for an instrument which would reduce the need for opening
piping systems to inspect valves. The AVLD listens for the ultrasonic
acoustic emissions characteristic of internal valve leakage.

"'A Types of fluids to which the instrument has been successfully applied
include steam, water, hydraulic oil and high-pressure air. Since the
transducers are attached to the outside of the valves, the time and expense
of dismantling the valves or removing them from the system are eliminated.

Savings have resulted from its ability to detect small leaks before
they become large enough to necessitate more expensive repair procedures.
The AVLD has proven effective for troubleshooting by identifying the leak-
ing valves in parallel arrangements where it is not normally possible to
determine which valve is leaking, and it has been used by naval shipyards

to identify ship valves requiring repair during scheduled overhauls.

We recommend that the Tr-Services stay with portable diagnostic
instrumentation unless the need for permanently mounted valve monitoring
equipment is better established. The cost benefits in the Navy program

- have been substantial ($20M/year) even with applications limited to com-
batant ships. The extension of this technology to Tr-Services could be
implemented by establishing a Tr-Services team to identify specific
applications. DTNSRDC, if tasked, would function as a Navy representative
on this team and will in any event act as technical consultants.
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.: MSC M- j
FIBER OPTIC BEARING MONITOR

DESCRIPTION

Based on the concept of measuring deflections of a bearing outer race,
direct measurements of bearing condition and operational performance are
obtained. A portable instrument is used to check the installation of a bearing
system. A permanently machine mounted system is used to monitor in-service
bearing condition. Bearing noise levels, defect factors, and temperatures are
continuously sampled, trended, compared to limits, and coupled to an alarm
system for warning of impending problems/failures. -
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ULTRASONIC WEAR PARTICLE SENSOR
DESCRIPTION

The David Taylor Naval Ship R&D Center is developing the Ultrasonic Wear
Particle Sensor (UVPS) as an on-line and portable oil debris monitor f or ship-
board machinery systems. The UWPS in an active ultrasonic sensor which
Irradiates oil lines and counts echoes from entrained wear particles larger
than seven micrometers In diameter. Future capabilities in order of descending
development difficulty are site ranging, clamp-on transducers, and composition
and shape information.

Wear particle monitoring by the UWPS will be used to determine internal
wear rates of shipboard machinery. Measurement capabilities will be similar to
chip detectors, ferrographs, and emission spectrometers. Applications will
Include engines, transmissions, gear boxes, hydraulic systems, and other lubri-
cating systems.

Ultimate benefits will provide early detection of impending catastrophic
failure, reduction of secondary failures, reduction of troubleshooting time,
reduction of wear rates, and extension of overhaul times.

The UMPS Is presently In 6.2 development. increasing the funding would
decrease the time required to develop an Instrument applicable to shipboard and
Tri-Service use. Transition to 6.3 development is currently planned for FT 85
but could occur by the end of FT 83 with a wetted transducer model. Level of
Investment needed for the Navy program Is $liM over five years for exploratory
development, advanced development, validation and verification. -

--
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SHIPBOARD MACHINERY
1'0 MONITORING

ULTRASONIC WEAR PARTICLE SENSOR
CUTTING WEAR PARTICLES

P!I" $&ANSU. 225x 1-1loom-4

REF: BOWEN AND WESTCOTT. "WEAR PARTICLE ATLAS,"
FOXBORO FOR NAEC. JULY 1976
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EXECUTIVE SUMMARY
FOR

INTEGRATED SHIPBOARD MACHINERY
MONITORING SYSTEM PRESENTATION

I. Statement of Problem.

As shipboard propulsion and auxiliary machinery become more diverse and
complex, their operation, maintenance, and performance monitoring have become
more difficult and costly. These activities, which are relatively labor
intense, demand personnel with high skill levels. However, the availability
and retainability of people with requisite skills have decreased. In the face
of the growing sophistication of hostile weapons systems and the need to

counter this technological threat, the trend to increasing ship system complexity
and support costs will continue unabated. Further, the manpower availability
and retention outlook is unlikely to improve. Development of a standardized,
integrated shipboard machinery monitoring system to provide machinery plant
status, level of performance, failure detection and prediction, and determina-

tion of maintenance requirements has potential for alleviating this situation,
thereby enhancing fleet readiness.

The current shipboard maintenance procedure is based upon a planned main-
tenance system which details the various work tasks to be performed, their
frequency, the number of hours allocated to each task, and the spare parts
required. Also, each corrective maintenance action is reported through the
Maintenance, Material and Management (3-M) System to keep a complete main-
tenance history of the ships.

This method of ship maintenance relies upon time-based, open-and-inspect
procedures which do not account for variations in wear of identical equipments.

Each open-and-inspect procedure increases the chance of future failure of the

equipment due to improper reassembling procedure. The 3-M reporting procedure,
a basis for maintenance scheduling, has been found to be of little value in
keeping Navy ships in a high state of readiness and in minimizing maintenance

costs! Several analyses of actual Navy maintenance data have emphasized the
need to improve Navy ships maintenance methods; and consequently, reduce the
frequency of failure and the amount of maintenance required.

I. Program Objective and System Development Goals.

A. Primary Objective. The objective of this program is to develop an
automated prototype system for monitoring the performance of shipboard machinery
and predicting impending machinery failures with enough leadtime to improve main-
tenance planning and allocation at all levels (shipboard, tender or ashore). For

the purpose of this system development program, shipboard machinery is comprised
of propulsion systems and auxiliary machinery equipment.

B. Benefits and Expected Payoffs. A significant goal of the integrated
shipboard monitoring system would be the reorientation of machinery maintenance

from reliance on reactive or scheduled modes to a mode based on reliable pre-
diction. It would:
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1. Enhance ship readiness with more timely detection of machinery
performance degradation.

o Increase equipment availability/readiness by 20% or more.

2. Provide the technology to implement an improved maintenance mode,
Reliability Centered Maintenance, performed only on-condition.

o Reduce maintenance actions by 35% or more.
*1'

3. Extend testing, fault isolation and analytical methods beyond
practical limits of manual methods (especially with low skill-
level personnel).

o Reduce good parts removal by 30% or more.

4. Improve continuity of operations and reduce machinery downtime.

o Extend life of purchased equipment by 10% or more.

5. Reduce time and manpower necessary to test and maintain complex
machinery.

o Reduce manhours expended for inspection and repair by 20% or
more

6. Reduce logistic support costs through early detection and iden-
tification of faults at lower levels of repair.

o Reduce spares provisioning by 20% or more.

Increased machinery system availability/survivability can be attained
for integrated shipboard propulsion and auxiliary machinery through the judicious
application of advanced control, monitoring, processing and distribution tech-
nologies: (1) distributed architecture and micro-processor based control systems,
(2) automatic fault prediction, isolation and prognosis techniques, (3) shipboard
data multiplex systems and (4) the use of standard electronic modules (Sts) and
general purpose controllers (GPC).

I11. Program Plan.

The integrated shipboard machinery monitoring system development program is
divided into two phases (Phase I: Testing Technology Development and Phase I:
System Development Evaluation).

1. Phase I will analyze machinery failure modes and develop the
analytical methods to determine machinery sensing requirements for five candidate
machinery systems: a controllable reversible pitch propeller hydraulic system; a
medium speed diesel engine; an air compressor system; an air conditioning plant;
and a distillation plant. The failure analysis will be performed on data obtained
from maintenance records and performance specifications for each selected machinery
system. Various forms of analysis, including mathematical modeling and simulation,
will be used to determine appropriate monitoring techniques for failure detection

IV- 4 4
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and prediction. In addition to analysis of individual machinery items, a system
failure mode analysis will be used to ascertain failures which could be detected
or predicted more efficiently through systemic monitoring. From the failure
analysis, sensing parameters for individual machinery items will be determined.
These parameters will be used to select sensors and sensing techniques already
available, or as the basis for developing innovative sensing capability. Since
the ultimate use of sensed data will affect sensor selection and placement,

determination of sensing parameters will consider the full range of utility
expected from the data (e.g., command information, machinery plant control,
machinery condition status).

2. Phase II is the system development and evaluation phase. A system
architecture will be established and hardware/software requirements will be
specified. On this basis, equipment and software will be procured or developed.
This phase will also include checkout of sub-element sensing techniques using
actual machinery and sensing hardware. A model system will be assembled and
used for demonstration, technical evaluation, and concept validation on a land
based test facility (LBTF). Additionally, a prototype system will be procured
and subjected to shipboard evaluation while operated by Navy personnel. The
LBTF and shipboard evaluations of the model monitoring system will lead to the
design of a total ship machinery monitoring system.
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AVIONIC SYSTEMS CORP.
A SUBSID4ARY OF LEAR SIEGLER, INC.

2 March 1983

Institute for Defense Analyses
Science and Technology Division
1801 N. Beauregard Street
Alexandria, Virginia 22311

Attention: Mr. Paul L. Howard
Chairman, MSCM

Subject: Task Order MDA903-79-C-0018:T-2-126
R & M Study

Reference: LSI/ASC Presentation at IDA to the MSCM
Working Group 15 February 1983

Gentlemen:

This letter proposal is in response to a verbal suggestion made by members of
the MSCM Working Group at the close of the referenced presentation made by
representatives of LSI Avionic Systems Corporation (LSI/ASC), a Subsidiary of
Lear Siegler, Inc.

BACKGROUND

Over the last decade, several engine monitoring systems have been built and
tested. Two of these for USAF are the F-15/FIOO Engine Diagnostic System
and the A-10/TF34 Turbine Engine Monitoring System.

The FI00 EDS was flight tested at Langley Air Force Base for a period of about
one year. The five instrumented aircraft have since been de-modified.

A similar program was conducted at Myrtle Beach AFB on the A-10/TF34 TEMS.
Currently, an expanded Squadron Level Test is in progress at Barksdale AFB
with additional plans for a fleet-wide retrofit.

It is our understanding that similar expanded programs are not planned for the
F100 engine although there are over 2500 engines in inventory used on both the
F-15 and F-16 first line USAF fighter aircraft. In addition both of these air-
craft are in service by a number of United States allies.
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L81 AVIONI SYSTEMS CORP.

2 March 1983 -

Page 2

THE PROBLEM

The F100 Engine installed in the F-15 and F-16 is a complex, high performance, __

high technology engine which is necessary to support the Air Force Mission.
It has been stated in the Press and debated in the Congress that the initial
costs for the P00 engine plus overhaul and maintenance are very high. The
limited flight test program at Langley AF demonstrated that the FIO EDS
could:

1. Save engines

2. Facilitate anticipatory maintenance U
3. Prevent misdirected maintenance

4. Eliminate human error in time and cycle

data collection

5. Through its flexibility, take on changes
and new requirements

6. Support CIP

7. Save Man-hours and other costs

8. Improve operational readiness

9. Provide other Logistics Savings •.

RECOMMENDATIONS

The F0 EDS should be incorporated in the F-15 (or the F-16) on a squadron
level (or wing level) to fully demonstrate and quantify its R & M capabilities.

Based on these results, the total system should be optimized for all users
prior to fleet-wide introduction.

PROPOSED PROGRAM

PHASE I: Study program to optimize the system for use by maintenance
personnel. This will include elimination of unnecessary
parameters, addition of new parameters and modification of

the software aimed at fault isolation. This should take
maximum advantage of past and current efforts and particu-
larly those that have been accomplished by Pratt & Whitney
under their on-going Component Improvement Program. Three 'N
months.
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1. 1AVIONIC SYSTEMS CORP.

2 March 1983
Page 3

PROPOSED PROGRAM (cont'd)

PHASE II: Equipment fabrication, software changes and ground test.
This includes twenty-three ship-sets airborne equipment
and three each Diagnostic Display Units and Data Col-
lection Units along with necessary support and test
equipment. Eighteen months.

PHASE III: Aircraft installation and check-out. Three months.

PHASE IV: Software verification and modification under operational
conditions including check-out of Air Force maintenance
personnel on system operation. Six months.

PHASE V: Flight test program conducted primarily by Air Force
personnel with contractor support. Twelve months.

PHASE VI: Evaluation of results and recommendations for future
action. Three months.

If done sequentially these six Phases encompass 45 months. However, with some
logical overlap, Phases I thru IV could be reduced from 30 to 24 months and
in less than 36 months the preliminary results would allow future action
planning.

COST

It is estimated that the cost for this six phase program would be approximately
$25 million dollars with about $20 million devoted to the first three phases.
Assuming the program is conducted on an F-15 squadron, about 35-40% of the
total cost is estimated to be Program Management, aircraft modifications,
engine kits and general support by McDonnell Aircraft Company and Pratt &
Whitney.

BIKEFITS

Extensive life cycle cost studies have been conducted on the FIO0 EDS and should
be available if desired through ASD/YZ. Their results have been positive and
it is not our intent to repeat them.

LSI/ASC believes that the real results will not be known unless determined in
actual practice and that is the basis for this proposal.
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LS1 AVKONI SYSTEMS CORP.

2 March 1983

Page 4

BENEFITS (cont'd)

The proposed cost for the squadron level test can be equated to about 10 spare
engines and is less than one half of one percent of the value of the 2500 plus
engines in inventory. Seemingly a modest cost to prove unequivically that
engine diagnostics/engine monitoring can be a cost effective R & M tool.
Saving one F-15 that might be lost due to in-flight engine problems would
represent a 100% return on investment.

Perhaps one of the biggest arguments rests within the Air Force itself where .5

this type of system will probably be included on all future aircraft/engines.
It seems reasonable that our current weapons systems deserve the same considera-
tion.

LSI Avionic Systems Corporation sincerely appreciates the invitation and
opportunity to present background on the EDS at the referenced meeting and
to submit the above information relative to further evaluation of the Program.

Very truly yours,

LSI AVIONIC SYSTEMS. CORPORATION

Walter M. Sherwood
Director - Marketing

VMS: AMC

.5,
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A LIFE CYCLE COST ANALYSIS OF THE PROPOSED ENGINE

DIAGNOSTIC SYSTEM FOR THE FIO0 ENGINE

BY

LT SHARON BINNINGS

F-15 SYSTEM PROGRAM OFFICE

CAPT KENNETH ECHOLS

F-16 SYSTEM PROGRAM OFFICE

19 MAY 1977
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SUMMARY

This study represents a six week joint F-15 and F-16

System Program Office effort to quantify the anticipated

Life Cycle Cost (LCC) savings associated with the
incorporation of the Engine Diagnostic System (EDS) on

the FIOO engine. Numerous inputs, including previous

studies and current operational data were analyzed and

will be described in the body of the report.

The EDS LCC is composed of several major areas.

Savings were calculated in Unschedul d _Ugne Remjovja

Cost, Fuel._UsageCosL, Spare En9jpICost, and Seconda

Damage. A cost increase was calculated in System Support

Cost. All costs were calculated in constant 77 dollars for

the baseline without EDS and compared to the costs with

EDS. The total LCC with the EDS breaks out as follows:

Unscheduled Engine Removal Cost ($450,058,128)

Fuel Usage Cost ($264,435,647)

Spare Engine Cost (S 18,7860,000)

System Support Cost $ 5,354,995

Secondary Damage (S 84,800,000)

Total LCC Savings ($812,718,780)

Total EDS Program Cost $276,500,000

Net EDS LCC Savings ($536,218,780)
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INTRODUCT ION

The attached report documents a Life Cycle Cost (LCC) analysis of

the Engine Diagnostic System (EDS) proposed for the FOO engine for use

on both the F-15 and F-16 aircrafts. The analysis is a joint effort

conducted by the F-1S and F-16 System Program Offices (SPOs) and

represents a six week effort. Both AFLC and TAC represertatives have

been briefed and concur with the factors used in the analysis.
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BACKGROUND

An LCC analysis on the EDS was submitted by AFLC/AFSC in November 1976.

AF/ACMC in performing an analysis of that study questioned several of

the basic assumptions it had made. AFLC refuted ACMC's comments, with

the end result being an Air Staff tasking msg (242225Z Feb 77) to AFLC/CV,

AFSC/CV, and TAC/CV. Referenced message tasks AFSC to take the lead in H
performing a new EDS study, addressing the differences among the

analyses and reconciling fuel consumption rates and depot maintenance

costs per flying hour with the AFSC January 77 submittal of Operation

and Support (O&S) cost goals for the F-15 and F-16.

.%
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TOTAL EDS PROGRAM COSTS

The total EDS program costs are as estimated by the program manager.

These costs in FY77 dollars in millions are as follows:

F-15 Flight Demonstration 9.7

Redesign 2.6

Qualification Testing 2.5

F-16 Flight Evaluation 1.0

F-15 Production/Retrofit 131.1

F-16 Production/Retrofit 129.6

Total Program Cost 276.5

For the LCC analysis, these program costs were broken down into

costs per year in both constant 77 dollars and Then Year dollars. These

yearly totals were then added to the EDS alternative yearly costs to

be compared with the baseline without EDS.
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TOTAL EDS LCC SAVINGS

The total EDS LCC savings was calculated by subtracting the cost of

the alternative with EDS from the baseline cost without EDS for each

of the major areas addressed. The net LCC savings is the total savings

minus the total EDS program cost.

Unscheduled engine removal cost reflected a savings of $450,058,128

with the EDS; $264,435,647 was saved in fuel usage. The F-16 spare engine

procurement was reduced by ten engines, saving $18,780,000. $3,260,000

was saved in support equipment acquisition for the F-16, but the

Operational Support Cost of the EDS itself, as compared to the EHR, was

an increase of $8,614,995. The result being a net increase of $5,354,995

for system support. Secondary damage savings of $84,800,000 were

estimated by AFLC.

Total EDS LCC savings, totaling all the areas discussed above, are

$812,718,780. Subtracting EDS Program Costs of $276,500,000, the net

LCC savings for the EDS is $536,218,780.

I.
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PREVIOUS EDS ANALYSES -

AirIn November 1976, AFLC/AFSC submitted an LCC study of the EDS to

Air Staff. The two major areas of savings in the study were depot repair

and fuel usage. Total fuel usage, both air and ground, was estimated to

be reduced by the EDS by 10%. For the depot savings, an estimated 30% of
projected F-15 depot support would be reduced because of increased fault

isolation, improved forecasting capability, and reduced premature removals.

This depot savings was ratioed for the F-16 application. The total LCC

savings for the EDS was stated at "923.9M in FY77 dollars.

AF/ACMC questioned several of the assumptions used in that study and

performed its own analysis in January 1977. ACMC estimated a reduction of

ground fuel usage of 25% with the EDS. They also used the same 30% reduction

*in depot costs, but used much lower projected depot support costs. Their

* total LCC savings for the EDS was stated at $193M. in FY77 dollars.

This study addresses specific ground run fuel reductions and specific

changes In the unscheduled engine removal scenario, relat.ing to both base

and depot support. Its projected total LCC savings is $812M in FY77 dollars.
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- OPERATION AND SUPPORT COST GOALS

The AFSC January 1977 O&S cost goals are Pentagon inputs based on AFR 173-10

methodology and corrected and coordinated by the using activities. These

goals address total weapon system support costs for the mature weapon system.

Costs used in this study do not specifically relate to the factors used

for the O&S cost goals and are not intended to alter these factors in any

way.

The depot cost factors used for the F-15 and F-16 total systems for O&S F

cost goals are $392/FH and $199/FH, respectively. The depot costs used in

this study relate only to the portions of engine depot maintenance which the

EDS will affect. These costs do not depict total depot costs for the F100.

The depot costs addressed in the study equate to $86/FH.

This study only addresses partial fuel usage for the F-15 and F-16,

again not relating directly to the O&S cost goal factors. Fuel savings 'n

the study are based on three specific types of ground runs which the EDS

can affect. This fuel usage equates to $160/FH. The O&S cost goal factors -

for total fuel usage for the F-15 and F-16 are $531/FH and $325/FH respectively.

d.
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ECONOMIC PRESENTATION

The LCC study was accomplished using constant 77 dollars. Total LCC

for the baseline, without EDS, was calculated by year based on the projected

yearly flying hours and procurement schedules for the F-15 and F-16. The

total LCC for the alternative being considered, with the EDS, was also

calculated by year, based on the same flying hours and procurement schedules,

altered for the projected procurement and retrofit of the EDS system. The

entire study covers the development, acquisition, and operation of the EDS

from 1978 through 1996.

Each yearly cost for both the baseline and the EDS alternative was

multiplied by escalation rates taken from the F-15 SPO June 1976 Escalation

Study., equating to approximately 4 1/2% a year. The result being that the

yearly totals were then expressed in Then Year dollars.

Each escalated cost by year was then multiplied times its appropriate

discounting rate (equating to 10% a year) as outlined on page 12 of AFR 178-1,

Attachment 2, dated 28 December 1973. The discounted total LCC for the EDS

alternative was then subtracted from the discounted baseTine LCC. The

resultant net savings is $327,257,555.

IV-61

.- .*.*.......



* MECHANICAL TECHNOLOGY, INC.

IV- 63



.~ .... ..J . .

-. 1/31/83

M-I TANK MECHANICAL SYSTEM CONDITION MS CM-i
MONITORING AND DIAGNOSTIC SYSTEM

-, Technology

Embedded intelligence; machinery monitoring system utilizing state-of-the-art
vibration signature analysis.

Description

A compact system capable of detecting and diagnosing mechanical problems based on
vibration, speed and load parameters, The signals would provide real-time opera-
tion as well as equipment maintenance directives for key power train components.
The system has continuous multi-channel vibration monitoring for warning and
alarm indication. The system will retain data for mechanical system mission
analyses and maintenance action.

Benefits

o increased weapons system mission reliability
o continuous drive train condition monitoring
o provide failure evaluation data
o eliminate unjustified equipment rework/
o accurately monitor field degradation and damage
o provide realistic maintenance procedures
o increased combat readiness by reducing the logistics tail

Background and Related Technology

o Inflight Engine Monitoring System (IECMS) evaluates the condition of TF41
turbine engines aboard A7 aircraft.

o Turbine Engine Monitoring System (TEMS) is being implemented by the U. S. Air
Force to determine the condition of TF34 engines on A1O aircraft and will help
dictate maintenance procedures.

o U. S. Air Force program for Automated Vibration Diagnostic (AVID) Systems for
detecting engine mechanical problems. Mechanical Technology Inc.'is the prime
contractor.

Investment

o Prototype system development cost $900,000
o Production unit cost approximately - $12-15,000 per unit.
o Levelized payback less than one year.
o Estimate that $275 77 on would be saved over the first five year period.
o An ROI of 600% based on operating and maintenance savings over five years.
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INTRODUCTION j
The Northrop Corporation, Electronics Division (NED) is submitting
four proposals for Diagnostics Technology Application/Demonstration
Programs as a responsive follow-up of recommnendations made to and
requested by the Institute for Defense Analyses (IDA) in a briefing
to the Mechanical System Condition Monitoring Study Group on
15 February 1983.

The briefing afforded an opportunity to present an overview and insight
into Northrop intensive Involvement in developing and implementing
diagnostic technology in major weapon systems over the past decade
with specific emphasis directed to Engine and Structural Monitoring
Systems.

Presented herein are briefs of the proposed programs which address
the stated objectives of the I.D.A. and in turn the goals expressed
for the O.S.D. inspired Study for "quantum improvements in reliability
and maintainability (R&M) through innovative use of advancing technology".

The Northrop proposals are structured to permit DoD/IDA selection(s) for
implementation action on discrete programs and respective elements there-
of with clearly defined goals, task definitions and methodology, scope
of effort, and recommended contractual interfaces.

To provide realism to the results and expectations, the proposals
specifically identify the major Weapon System on which the technology
can be demonstrated in near term with the accompanying rationale for
the selection timeliness.

While specific in Navy and Air Force Weapon Systems identified (F-14,
F-16, T-38) as the demonstration test vehicles, there is definite
cross pollinizatlon of the technology among numerous related current
weapon systems and the element of influence on emerging or future
programs, e.g., the Advanced Tactical Fighter (ATF), an objective
of the DSD/IDA Study

The importance of applied System Engineering disciplines and resources
at this juncture, to measure and assess the effectiveness of engine

and structural monitoring technology cannot be overstated.

It should be noted that considerable Northrop Independent Research
and Development (I.R.ID.) and contractually funded efforts have been
performed over an extended period of time to reach the current status.

The timeliness of the I.D.A. Interest and the candidate program selections
phased activity offer unusual opportunities for both technical and cost
effectiveness. Hence, only a fraction of the costs normally required to
meet the proposed program's objectives are needed. The O.S.D./I.D.A.
Study recommendations and Initiative implementation of advancing
technology programs will enable formulation of system support policy
and direction to the Services and to demonstrate advocacy.
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MSCM-2

NORTHROP ELECTRONICS DIVISION

PROPOSAL NO. 1

TITLE: F-14/TFP30 TURBINE ENGINE MONITORING SYSTEM (TEMS)
TECHNOLOGY APPLICATION/DEMONSTRATION PROGRAM
(ESCALATION FROM PLANNED DEDICATED F-14
FATIGUE MONITORING SYSTEM ONLY)

OBJECTIVE:

Demonstrate the inherent capability of Northrop qualified state-of-art technology

to perform prescribed engine diagnostic functions for dual TF30 engines integral

with the same equipment currently pending for the F-14 structural Fatigue

Monitoring System (FMS), as a cost effective combination for significant improve-

ment in reliability, maintainability and availability of the weapon system.

TECHNOLOGY:

Grumman Aerospace Corporation (GAC) specifications for advanced technology micro-

processor-oriented hardware to acquire and process data related solely to the

FMS requirement has been released with USN approval. Involved are two airborne

items of equipment and two ground support items, all of which contain the same

electronic elements as the Northrop TEMS AN/USQ-85 comprising the total system.

Northrop equipment was designed with the dual capability of handling both engine

health monitoring and structural fatigue tracking in a single cost effective

configuration desiganted as STEMS. For economic reasons, the Northrop proposal

for the F-14 FMS function only does not delete the engine-related additional

signal conditioning capacity and flexibility nor alter memory size and computer

speed. With hardware relatively uhaffected, the principal differences are in

software modules for FMS unique data and its fracture mechanics computations/

presentations vs. engine gas path thermodynamic technology and its algorithms,

or the composite. The equipment installation in the aircraft remains unchanged.

To accommodate the added engine diagnostics for the TF30's entails only

additional engine-mounted sensors and associated cabling. As indicated, the

equipment for airborne display, data recovery, storage, presentation and printout

is identical.

N
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SCOPE

Concurrent with the F-14 FMS program, Northrop proposes a DoD directed effort

to encompass engine diagnostics, all with the equipment for early demonstration

(1st quarter of 1984).

GOAL

Demonstration of the STEMS configuration in F-14 test aircraft with evaluation

results in time to permit incorporation of the dual function system at the

outset of planned F-14 retrofit.

CONTRACTUAL CONSIDERATION

... , Grumman Aerospace Corporation, as the F-14 weapon system contractor and prime

contractor for the pending FMS addition, should have the contract awarded for

the combination STEMS with differential costs provided. The Northrop unique

equipment design permits a two-phase contractual effort, without penalty, thus

allowing the FMS program to begin prior to the DoD/USN authorization for follow-on.

SCHEDULE

Normal TEMS/STEMS hardware lead time independent of unique software generation/

validation is seventeen months. Northrop is consigning preproduction hardware,

its own asset equipment, in 8 months ARO, which would be unaffected by the

proposed change. Total program span will increase approximately 3-6 months,

depending on go-ahead authorization.

FUNDING REQUIREMENT (ROM)

To be coordinated with GAC and Northrop Electronics.
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• MSCM-I1"

NORTHROP ELECTRONICS DIVISION

PROPOSAL NO. 2

',

TITLE: F-16/FIOO TURBINE ENGINE MONITORING SYSTEM (TEMS)
TECHNOLOGY APPLICATION/DEMONSTRATION PROGRAM

OBJECTIVE:

Demonstrate the feasibility and applicability of state-of-art developed TEMS

technology to make a significant improvement in reliability, maintainability

and availability (RMA) on the F-16 aircraft.

TECHNOLOGY:

Lightweight, miniature airborne microprocessor-oriented diagnostic equipment

is now available in U.S. inventory, designed to provide continuous monitoring

and on-board diagnostic analysis of sophisticated military engines (e.g., TF34-

CFM56, F404) with capability to handle the FlOO. Airborne data processing

permits real time indication of selected impending problems (events) ameniable

to pilot response for safety as well as provide post-flight data, including

key parameters trending for maintenece decisions. Precise knowledge of engine

mechanical condition and performance criteria permis maintenance on an as need

basis or at opportunistic times to maximize the Fully Mission Capable (FMC) rate.

PROPOSAL RATIONALE:

TENS equipment not available at start of F-16 program. F-15/FlOO engine diagnostics

program originally destined for F-16 has concluded without success and redesign

requires protracted development. New RDT&E requires an 8-year cycle. TEMS

AN/USQ-85 qualified hardware available for near term feasibility demonstration.

IMPLEMENTATION:

TENS system hardware, both airborne and supporting ground equipment, can be

diverted from government inventory or furnished by Northrop. No equipment design-

development or modification anticipated to accommodate proposed FlOO engine

parameters and functions. No known physical constraints to installtion in F-16.

using equipment location currently occupied by MXU553 Recorder/Multiplexer for

ASIP function, obviated by TEMS. Limited number of added engine mounted sensors

required to meet the high payoff proposed system specifics; existing aircrafti
and engine sensor directly apply. Principal task is system engineering and

software unique to the F-16 selected functions.

IV- 83
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SCOPE:

F-16/FIOO TEMS Application/Configuration Study, verification in engine test

cell at Arnold Engineering Development Center (AEDC) and confirmation in one

TAC operated F-16 aircraft, on a nondedicated basis. Program characterization

is no frills class II modification, essential documentation only, and TAC

evaluation to a coordinated test plan.

A simplified TEMS configuration using qualified hardware with selected high

payoff RMA functions as opposed to all possible diagnostic functions. Also,

prudent use of proven technique in incremental functional growth through software

executive control and software modular concept.

GOAL:

Early demonstratioq of AN/USQ-85 feasibility for F-16 as a potential candidate

for a squadron evatution upon successful completion of proposed technology

application.

CONTRACTUAL CONSIDERATIONS:

Hq. USAF direction to Air Force Systems Command (AFSC) to authorize TEMS

Technology Demonstration Program on condition of Hq. TAC expression of interest

and support for one assigned test aircraft. FlOO-200 instrumented engine(s) in

operational test scheduled at AEDC cells through 1984. (16 hours/week). Recommend

ASD F-16 SPO funding for General Dynamics (GD/FW) TEMS installation (Class II

Flight Test Only Basis) with installation in field at TAC base using instrumented

engine identical to AEDC configuration (including same sensors). Proposed program

would permit direct correlation of test cell and flight test data.

Northrop contractual interfaces to be resolved in favor of maximized program

success at lowest cost.

Estimated test cell operation (piggyback arrangement) - one month. Duration of

flight test - three months to initial evaluation milestone with option for

extension.

Two part Program Plan with

Part I Application Engineering Study and Test Cell Verification

Part II F-16 Flight Test Confirmation/Demonstration

Estimated Program Cost $ _-.
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SMS CM-I

NORTHROP ELECTRONICS DIVISION

PROPOSAL NO. 3

TITLE: T-38 STRUCTURAL TRACKING TECHNOLOGY APPLICATION/
DEMONSTRATION PROGRAM

:; OBJECTIVE:

Demonstrate the feasibility and technical approach of the Northrop Structural

Tracking System (STEMS) to measure the operational usage of the T-38 aircraft

selected as a demonstration candidate. The program encompasses the develop-

ment of the appropriate computer programs, equipment installation, and flight

test on a single aircraft.

TECHNOLOGY APPLICATION RATIONALE:

The T-38 was designed for basic pilot training in advanced supersonic aircraft.

While it is currently being used in this role, it is also used in the much more

severe Lead-In Fighter (LIF) and Dissimilar Air Combat Tra4iiing (DACT). To

assess the effect of these severe usages on the service life of the T-38, the

Air Force has equipped 129 T-38's in the LIF squadrons with mechanical strain

recorders (MSR) and 10 aircraft with multi-channel tape recorders. The

remaining 800 T-38's in the Air Training Command and DACT do not have any type

of recorder!

A number of problems have plagued the recording systems on LIF aircraft. These

include a very poor return of usable data due to faulty installation of the

MSR's, magnetic tape handling problems, and sensor failures. A change in the

usage of the T-38's in the Air Training Command has been identified, and the

Air Force would like to equip selected aircraft with a recorder system to

measure this change. However, it will be several years before MXU-553 tape

recorders are available, and in light of the experience with these systems

on the LIF aircraft, their value to TAC and ATC is doubtful.
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As an alternative, Northrop proposes using the STEMS as a flight data

recorder/analyzer. The STEMS Electronic Processor Unit will accept all

sensors currently used with the MXU-553 recorder, including:

Vertical and Lateral Accelerations Altitude

Roll, Yaw, and Pitch Rate Airspeed

Rudder, Flap, and Elevator Position Strain

Takeoff and Landing Events

The onboard microprocessor will monitor these signals for peaks and valleys

and store a frame of data containing all of the information when either a

peak or valley occurs and perform prescribed airborne computations for post

flight review and transmission to an analysis center.

SCOPE:

Develop the structural tracking subsystem to STEMS on a single T-38 aircraft.

Northrop can provide the necessary hardware, software, installation support,

and technical services required for this demonstration program.

GOAL:

Demonstrate STEMS technology on the T-38 aircraft. Show that the STEMS

equipment can provide greater operational usage information currently

provided by the MXU-553 recorder, with considerably lower maintenance due

to the higher reliability of modern solid state electronics and compressed

time for availability.

CONTRACTUAL CONSIDERATIONS:

It is proposed that Northrop Electronics Division be the prime contractor

for this program, with San Antonio Air Logistics Center as the program

monitor. Northrop will consign the necessary hardware for the duration

of the program and charge only for technical services required.
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SCHEDULE:

The duration of this program will be 1.3 years. Approximately nine months

of initial development will be required. Hardware will be available for

installation in the 2nd quarter of 1984. Following this installation, a

six-month flight evaluation program is recommended.
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NORTHROP ELECTRONICS DIVISION

PROPOSAL NO. 4

TITLE: DIANGOSTIC TECHNOLOGY GENERAL ADVANCEMENTS

SCOPE: I
Development Engineering to be demonstrated and evaluated on A-10 test

aircraft equipped with STEMS, on a non-interference basis.

TECHNOLOGY EXAMPLES:

1. Gross extension of engine structural fatigue parameters/environmental

monitoring. Extrapolation of USAF ENSIP Program with more advanced

fracture mechanics criteria. Objective: To maximize hard time

designation of critical engine components in R.C.M. concept. (A

high payoff prospect applicable to modern turbine engine durability

assessment and usage correlation).

2. New advanced engine sensors application for use in conjunction with

TEMS (e.g., turbine blade temperature sensor - pyrometer).

3. Demonstration of "accident investigation data recorder" remote solid

state crash survivable memory unit with optimized software algorithms

which grossly depart from TSO-C51A commercial concept as intelligent

'logic' for accident/incident significance. To interface directly with

STEMS having all engines conditions, structural integrity, dynamic

environment, control surfaces positions and with added signals from key

airframe systems such as hydraulics, flight controls and electrical system.

Could be two step demonstration. Step 1. Remote memory unit with conven-

tion housing and Step 2. With protective construction/material techniques

qualified for crash environment.

4. Critical maintenance/status data of Weapon System transmitted by airborne

data link and voice transmission to maximize surge rate.

IV-97

-, ,-4 *. w. %% ,. - -.%
til 

**..* .. 
Z.. 

% . .. .. '



- .* ' . - 'U-r r r.V- -

4. (continued)

Special emphasis on data implying ability to perform next mission from

forward operation locations (FOL) with critical systems requiring special

level of repair facilitation.

Candidate Weapon Systems:

o A-IOA, in E.O.T. locations

o S-3A on small carriers

o Lamps from destroyer fantail operations

on anti-submarine missions

o EA6B on surveillance mission
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IMPLEMENTATION PLANS

DIAGNOSTIC TECHNOLOGY PROPOSALS

FOR

IMPROVED WEAPON SYSTEM RELIABILITY AND MAINTAINABILITY

SUBMITTED TO

INSTITUTE FOR DEFENSE ANALYSES

I.D.A.

SCIENCE AND TECHNOLOGY DIVISION

MECHANICAL SYSTEM CONDITION MONITORING GROUP

PREPARED BY

NORTHROP ELECTRONICS DIVISION

DIAGNOSTIC SYSTEMS SECTION
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PROGRAM IMPLEMENTATION PLANS

INTRODUCTION

This section provides the anatomy of implementation plans for four

programs proposed to the Institute for Defense Analyses in support of

the I.D.A. Study of Available Diagnostic Technology to provide quantum

improvements in Reliability and Maintainability (R&M) for major weapon

systems.

Individual implementation plans for each program are presented in bullet

form statements which delineate the fundamentals of proposed conduct and

the prime tasks and organizations to achieve the objectives with credibility.

Foremost, Northrop proposes an integrated team effort of associated contractors

and government agencies having the composite resources to insure overall success

through total access to the technical disciplines and criteria, including the

specialized facilities to perform elements of the selected programs.

These are namely the weapon system prime contractors, Grumman and General

Dynamics for the F-14 and F-16 respectively, the engine prime contractor,

Pratt and Whitney for both the TF30 and F100 engines, and especially the

outstanding government agencies for engine development and testing, Arnold

Engineering Development Center (AEDC) and the Naval Air Propulsion Test

Center (NAPTC) for the F100 and TF30 engines respectively.

As a Diagnostic technology prime contractor Northrop Electronics Division

has had extensive experience with the interfaces involved. Of paramount

importance is the need to delineate and control the scope of participation

and support from respective team members to insure program objectivity and

the spirit of streamlined no-frills implementation as intended. There must be

a team leader with demonstrated advocacy to diagnostics and the program

commitments with respect to performance, cost and schedule. Northrop is

prepared to assume a lead role in the implementation process. Contracted

arrangements by the government will be the key.

IV-102



-2-

The proposed F-14 and F-16 TEMS Diagnostic Technology Application/Demonstration

implementation plans feature a program management technique which provides high

visibility of progress and early assessment of the prospect for end result

success. Each of the programs are divided into two self-contained phase

entities. Phase I entails an Engineering Study to formulate and establish

the baseline system configuration and provide the definition of physical

interfaces and the functions to be mechanized. This enables the clarification

of algorithms and the development of software, the key technical discipline

in view of the advanced status of the hardware. Installation and test of

the system in an engine test cell under controlled operational conditions

including dynamic ambient ranges, completes the Plan I evaluation process.

Sensor and diagnostic hardware compatibility are then confirmed. Most

important the results provides a self-contained accomplishment to evaluate

the proposed technology capabilities relative to the I.D.A. Study

expectations.

Phase II involves installation, calibration, checkout and validation in the

respective weapon systems, clearly showing the physical as well as functional

interfaces with the airframe systems and the human operators. For example,

there must be proof that the stringent constraints posed by the F-14 and F-16

with respect to electrical power, weight, and space are satisifed and that

the prospect of future implementation in the Weapon System is both feasible

and practical. Of course the Information Management Engineering aspects of the

diagnostics technology has real world significance in the Phase II flight

test.

Significantly, the structuring of the two phases as entities provided the

maximum visibility and control of the program with options to the government

based on meeting performance objectives.
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Program number 3 involves Advanced Structural Tracking Technology Application/

Demonstration using the T-38 Lead-in Fighter (LIF) as an ideal demonstration

vehicle. Unlike the foregoing program implementation plan, all of the resources

and disciplines necessary to perform the totality of the effort resides in

the Northrop Corporation Electronics and Aircraft Divisions. The Electronics

Division is the prime mover in the application of airborne microprocessor

oriented equipment applied to structural tracking and inflight crack growth

analytical techniques - as mechanized in STEMS. The Aircraft Division, as

the prime contractor for the T-38 of course has complete array of fracture

mechanics engineering talent and the Corporate repository of loads spectra,

fatigue critical locations, mission design criteria and the current

operational utilization of the T-38 aircraft beyond original expectations.

Of course there exists the historical data for comparison as well as the

T-38 Damage Tolerance Assessment (DTA) data bank. An extraordinary transfer

of knowledge is in the prospect, valued at tenfold the proposed contract value.

This program, if recommended by the I.D.A. and authorized by the DoD, will

extend and optimize the tracking technology techniques beyond current

mechanizations to the extent that time and funds permit.

With respect to the implementation plan for program 4, Northrop proposes to

utilize this in-being dedicated A-IO/TF34 STEMS system as an airborne

laboratory for rapid reaction technical investigations for the Services.

There is a favorable interest from the AFSE/ASD organization seeking

correlation of data involving engine durability parameters in general,

and the TF34 engine as a model.
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, 1. Integrated Blackhawk Helicopter Transmission

. , Monitoring System

2. Electrostatic Engine Monitoring System for
the A-6/J52

Presented by:

.4.t

United Technologies Research Center A
Sikorsky Aircraft

Hamilton Standard Division

UNITED TECHNOLOGIES CORPORATION
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INTRODUCTION

United Technologies is pleased to present two proposals for Mechanical Systems

Condition Monitoring programs as requested by the MSCM Committee of the Insti-

tute for Defense Analysis. These proposals capsulize the information presented

to the MSCM Study Group on 11 January 1983.

The first proposal illustrates specialized test capabilities and system demon-

stration of an Integrated Blackhawk Helicopter Transmission Monitor. This dem-

onstration program combines the OEM capabilities of Sikorsky Aircraft, the sen-

sor technology of United Technologies Research Center and the mechanical system

condition monitoring system hardware capability of Hamilton Standard in a systems

approach to automatically detect different types of transmission failure modes

in their early stages to provide in-flight warning. The modes of failure to be

addressed are either presently "invisible" or those whose detectable threshold

results in unacceptable aircraft availability. Thus, the benefits from this

monitoring system will be reduced secondary damage and wear, reduced mission y-

borts and increased system availability.

The second proposal is for an Electrostatic Engine Monitoring System demonstra-

tion program for the A-6/J52. The electrostatic monitoring system measures gas

path component wear which gives substantially earlier warning of physical de- -.'

terioration than existing performance parameter measurement. Thus, electro-

statics used to further the on-condition maintenance goals of the military

can reduce the costs of engine maintenance, increase reliability and reduce the

risks of in-flight failures.
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February 3, 1983

To: Paul L. Howard
*Chairman, MSCM

From: J. L. Pratt, Sikorsky Aircraft

Subject: Integrated BlackHawk Helicopter Transmission Monitoring System

Development

References:

(A) UTC presentation to MSCM working group at IDA on the subject of
BlackHawk Condition Monitoring. IDA, Alexandria, VA,

January 11, 1983.
(B) Electrostatic Pulse Analysis Program; Phase 1, FI00 Pulse Classifier,

P. E. Zwicke, UTRC R82-395794-1, June 1982.
(C) UH-IH AIDAPS Test Bed Program. Final Technical Report. Hamilton-

Standard Division of United Aircraft Corporation. USAAVSCOM Report
72-18, U.S. Army Aviation Systems Command, St. Louis, Missouri,
August 1972.

SUMMARY

This letter expands the UTC January 11 presentation on BlackHawk

transmission condition monitoring (Ref. A). Our contention is that present heli-

copter in-flight failure detection systems can be significantly improved through

integration of vibration monitoring technology. We have outlined a techni-'.
program which, if funded by a government agency, would accelerate the integration

of this technology.

BENEFITS OF ADDITIONAL MONITORING

%

The Sikorsky BlackHawk transmission incorporates the most advanced design
and manufacturing standards in the rotary wing industry. Its inherent reliabil-
ity is due, in part, to a 40 percent reduction in gear train parts. The trans-

mission is, nevertheless, a relatively complex mechanical system having 24 gears,

43 bearings and 4 shafts. To further ensure the reliability of the transmission,
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and the availability of the helicopter, on-board failure detection systems

(magnetic chip detectors, oil and temperature sensors) and depot level diagnos-

tics (SOAP) are used. While adequate to assure safe transmission operation , the

present systems are not able to detect a number of failure modes (fatigue, scuff-

ing, scoring, etc.), nor are they always able to give sufficiently early warning

on a developing malfunction to prevent secondary damage to otherwise healthy

components. For example, to avoid frequent nuisance indications, chip detectors

may employ some mechanism to suppress very small metal particles (i.e., "fuzz

burn-off"). On the other hand, large metal pieces (a broken gear tooth) may not

be washed into the chip detector. It is highly desirable to develop a monitor to

detect such "invisible" failure modes. Recent developments in vibration monitor-

*ing, discussed below, indicate that this is now feasible.

The benefits of an integrated BlackHawk transmission monitor are:

(1) Reduced mission aborts: A $20M savings in aircraft operation is
projected (see Table 1) due to the reduction in false indications

caused by present failure detectors. This figure does not include the

cost of missions lost that would result from the estimated 1030 annual

mission aborts.

(2) Increased system availability: A potential cost savings of $105.4M is

projected (see Table 2).

(3) Reduced secondary damage and wear: Because of the high inherent

reliability of the BlackHawk gearbox, and its recent deployment, insuf-

ficient data exists at present to establish a meaningful estimate of

cost savings. Without a monitor system, however, it is certain that

many gearbox malfunctions will produce debris that will degrade wear

rates in the gearbox and in some cases induce secondary failures.

(4) Spin-off technology: The development of an integrated BlackHawk

transmission monitor will produce spin-off technology benefits for

monitoring of other mechanical systems, with similar cost savings.

These systems include aircraft gas-turbine engine monitoring, tank

engine/drive train diagnostics, and vehicle internal combustion engine

diagnostics.

The cost benefits of this spin-off is best illustrated using a typical

example. It is projected that in FY '87 the USAF F-15 fleet will fly a

total of 204,059 hrs (USAF sources). There are two accessory Drive

Gearboxes mounted on the airframe (NSN 2835 01 020 7249 and 2835 01 034

6948). Accessory Drive gearbox flight time is therefore 408,118 hr/yr.

Using USAF projected failure data, there would normally be 412 depot

returns from all causes. This produces a return rate of 1.0095/1000 gb
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hrs. The average cost per return is estimaed at $18,000. An analysis

model of projected savings for condition monitoring for civil aircraft
has beer ddeveloped from actual airline experience (a Cost Benefit

Analysis Model for Automatic Engine Condition Monitoring on Civil
Transport Aircraft - ESP 8213). Adapting this model for F-15 gearbox
data will produce a conservative savings estimate. The F-15 gearbox

data analyzed by this model indicates a potential savings of

approximately $3 million per year on F-15 AMAD gearboxes.=I
UNITED TECHNOLOGIES: THE LOGICAL CHOICE

United Technologies Corporation, UTC, has been involved in monitoring system

development for many years. Realizing the importance of this technology, UTC is

supporting its development with well over $1M yearly in Corporate funding. Past
contract work in this area includes the AIDAPS program (Ref. C). Presently,
several different in-house programs involve monitoring of mechanical systems.

This work has resulted in new transducer design (particularly laser based
systems) and new signal analysis techniques (see "Related Work/Transferrable

Technology").

United Technologies has the required combination of technical disciplines

to successfully develop the BlackHawk transmission monitor. Sikorsky Aircraft,

the BlackHawk designer and manufacturer, will provide detailed failure mode

analysis, specialized test capabilities, and monitor system integration. United

Technologies Research Center, a leader in the development and application of
monitoring technology, will provide the technology base. Hamilton Systems will
build the monitoring system hardware, drawing upon its extensive experience in

the development of microelectronics based flight systems.

UTC APPROACH VERSUS SPADE PROGRAM

Recently, ATL (Fort Eu.tis) awarded a $1.3M contract to develop a small,

portable diagnostic analyzer (SPADE) for the UH-l, AH-15, and OH-58 helicopters.

The UTC approach differs from the SPADE program in three major areas. First, the

SPADE program will produce ground based diagnostic equipment whereas the UTC
approach will produce an in-flight monitoring system. Only the UTC approach

addresses vapidly propagating failure modes that require immediate pilot action.
* . Second, the SPADE program is specifically aimed at vibration; whereas the UTC

approach uses a systems approach, integrating several proven vibration monitoring

*i .- methods (to identify "invisible" failure modes) with the present detection sys-

tems. This systems approach results in more timely and reliable monitoring.
*Third, the UTC approach incorporates a higher level of automatic information
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interpretation. The monitor system will not only detect an abnormal transmission

event, but will also identify the faulty component and provide information about

the degree of degradation. This high level of information interpretation will

minimize pilot work load and reduce cosckpit clutter.

UTC TECHNICAL APPROACH

The initial objective is to provide a means of automatically detecting

several different types of transmission failure modes in their early stages. The
modes of failure addressed are either presently "invisible" or those whose

detectable threshold results in unacceptable aircraft availability. The system
*: will be a "smart" monitor that provides in-flight warning for modes whose
-, propagation from detection to unacceptale levels is so short that immediate pilot

action is required (e.g., shaft fatigue). The system will also provide post-
flight warning for slower propagating modes to improve aircraft availability.

UTC proposes a three-phase program to develop and demonstrate the individual

elements of an integrated transmission monitor; which incorporates all present
failure detection functions while introducing new monitor functions to address
"invisible" modes of failure or to lower the detectable threshold on visible

modes.

The requirement for the Phase One Technology demonstrator is limited to a

laboratory experimental unit to use during development of the data acquisition

and classification techniques. The unit will be used to verify acceptability of
the sensor and signal conditioner as well as the accuracy of the classification
technique used in the microprocessor.

The unit will consist of two major blocks, the input block and the processor
block. The input block will be a single channel P.C. board to facilitate changes
of transducer types. The processor block will consist of an 8 bit processor and

at least 32K of memory. The operating software and the classification algorithms
will be capable of being easily changed to acco-mmodate changes required during

the development phase.

Phase I: Technology Demonstrator

Tasks:

. (1) Critical Failure Mode Selection

Select 3 failure modes based on cost payback, speed of propagation and
potential for success. These will probably include, early detection of
bearing spall, shaft fatigue and gear fatigue.

(2) Prepare Test Plan
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(3) Select transducer and transducer locations

(4) Acquire defective components, several grades of each

(5) Record vibration data

(a) Good gearboxes for baseline

(b) Several runs for each implant

(6) Determine signal analysis technique(s) to detect and locate each type

of failure mode. Assess the effect of the degree of degradation on the

analysis techniques.
%I (7) Integrate existing monitoring functions into decision process

(8) Build microprocessor based demonstrator

(9) Ground Test the demonstrator
4.

Schedule: 12 months

Approx. Cost: $750K

Phase II: Prototype Monitor Development

Tasks:

(1) Build and flight test Phase I demonstrator

(Partial Military Qualification)

(2) Select 3 additional failure modes

More difficult to monitor modes. May include, cage loss, lube starva-

tion, bearing spin

(3) Prepare test plan

a.(4) Obtain implants
(5) Verify transducer and locations

(6) Determine signal analysis techniques

(7) Expand prototype
- (8) Flight-test protoype

(9) Develop fleet implementation plan

Schedule: 12 months

44 Approx. Cost: $1.25M

Phase III: Fleet Implementation

Tasks:

(1) Full Military Qualification of Phase II monitor
(2) Fleet implementation per Phase II Plan

Schedule: 18 months

Approx. Cost: TED
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RELATED WORK/TRANSFERRABLE TECHNOLOGY

The development of an integrated vibration monitoring system for the

BlackHawk transmission will benefit from similar automatic diagnostic systems and

related technology already developed. Several of these systems are described

below.

(1) Electrostatic Pulse Analysis Classifier (ESPA)

The ESPA program is a Joint HS/UTRC/P&WA program to develop a gas turbine
engine monitoring and diagnostic method based upon electrostatic pulses in the

- gas path. An automatic classifier has been developed which detects 24 different
.. engine events (such as blade rub and blade erosion) based upon shape differences
". in the electrostatic pulses produced by these events (Ref. B). The classifier is

being implemented in microprocessor based hardware. The classifier development

* and implementation procedures are applicable to the vibration monitoring program.

* (2) NDE Programs:

Several monitoring and inspection systems developed under contract and in-
house have comon elements with the vibration monitoring program. Ultrasonics
have been used to inspect various gas turbine engine components. Pattern recog-

nition has been used to predict the strength of adhesive bonds, using information
extracted from ultrasonic data. Signal Processing and pattern recognition have

been applied to Eddy current signals to locate and size various flaws in aircraft
structures. Acoustic Emission monitoring is being applied to detect and monitor 2
crack growth in highway bridges. Image processing and understanding is being

applied to fluoroscopic images of turbine blades to automatically find various

metallurgical flaws.

(3) Laser Vibration Sensor (LVS):

UTRC has developed a LVS for industrial and military monitoring applica-

tions. The LVS has already been used to acquire vibration data from helicopter

gearboxes. The advantages of the LVS are (1) very high bandwidth (I to IMHz),
(2) noncontacting, (3) nonresonant, (4) high dynamic range (106 G's), (5) surface

monitoring capability. Although the LVS is applicable for ground test systems,
it is several years away from being applicable for in-flight monitoring. How-

ever, the LVS will still play an important role in the technical plan for

developing the in-flight system prototype. Specifically, it will be used to scan
the gearbox to find the optimum locations for mounting the accelerometers. This .-

is a-crucial step in the successful detection of low-energy failure modes.
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TABLE 1: REDUCED MISSION ABORTS

1. Fleet Size- 1107 aircraft (latest figure)

2. Usage - 69 hrs/ac-month (specification)

3. False Indications - 2.25/1000 flight hours (estimate)

- 4. Cost - $1000/flight hour (approximate)

. 5. Aircraft Life Cycle - 20 years (estimate)

6. Assumptions:

(a) 50% of false indications occur on outbound leg

(b) one hour extra flight time per abort

(c) 97% monitor efficiency at eliminating aborts due to false indications

TABLE 2: SYSTEM AVAILABILITY

I. Transmission MTBF's 7000 hours: 2 accessory modules

-5000 hours: 2 input modules

4500 hours: 1 main module

2. Usage - 69 hrs/aircraft-month

3. Fleet size - 1107 aircraft

4. Fleet deployment - 60% small base (< 17 a/c)

40% large base (> 17 a/c)
5. Small base - 75Z spares available in 3 days

25% spares available in 3 weeks (depot)

Large base - 50% spares available in 3 days

50% spares available in 3 weeks (depot)

6. 80% monitor efficiency at scheduling removals; thus reducing 3 week waiting

period to 2.4 weeks

7. Aircraft cost - $6.2M
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1.0 INTRODUCTION

Hamilton 3tandard is developing a technology called electrostatics to use as a

monitoring system for measuring internal component wear in pas turbine engines.

This monitoring system is an improvement over current performance monitors

because it measures physical deterioration, giving warning substantially before

traditional performance parameters are affected. Current program involve test

stand monitoring and technology transfer to transport engine flight monitoring

this year. The program suggested here is for flight baselining and deonstra-

tion in the Navy attack arena on the J-52 engine in the A-4 and A-6 aircraft.
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2.0 ELECTROSTATICS

2.1 Engine Condition Monitoring Using Electrostatics

The Electrostatics method provides a simple, direct measurement of physical

deterioration of intenal engine components in the gas path, just as SOAP does in

the oil system. By observing electrostatic pulses generated in the gas path as

a result of component rubbing, chaffing, erosion and burning, electrostatics

warns of potential engine performance degradation before it occurs. When this

early physical deterioration occurs in the hostile environment of the turbine

engine, it results in the discharge of minute particles in the form of ionized

clouds or pulses which generate the diagnosable electrostatic charge. The nor-

mel (healthy engine) deterioration rate is first established as a function of

engine cycling and power and a "baseline" count is established. when this

ObaselineP is exceeded by a predetermined margin, a warning is given that a

*significant abnormal event" has occurred which requires further investigation.

Traditional engine condition monitoring consists of taking performance data from

the engine at periodic intervals while operating, converting this data into a

form that takes into account various temperatures and pressures, and comparing

this data with a baseline curve made at the time the engine was new or recently

overhauled. Deviations indicate wear or possible incipient trouble. The

inherent problem with this method are the complexity and time involved in ana-

lyzing a large quantity of performance data, and the need for performance to

begin to deteriorate in order to indicate a problem.

The difference between the two methods is that electrostatics measures physical

deterioration prior to its effecting performance, while "conventional" diagnosis

relies on early detection of performance degradation regardless of the extent of

prior physical deterioration. Measurement of physical deterioration takes the

guem work out of gas path monitoring and enables monitoring component wear from

Its inception, providing the ultimate in trending capability.

The pulses or "ocharged clouds' are detected by inserting electrostatic probes

into the engine's gas path or by encircling the gas path with a capaoitively

coupled ring probe. A the pulse passes the probe, a time varying voltage is

IV-134

*" , , -' "....' * ' '" " '*.o..,," ." '...°'," , 4'4'." ''. ." . "''." • " . '.' " - , . .
¢r ' . ,_' . ,,,.,,. . . . ,. ,. . . . .... . . . , . .... . . . . . . .. ,. . .



,I.. .

2.1 (Continued)

3en produced which can be analyzed and a 'signature' developed corresponding to a

given deterioration or "wear condition". Fault isolation is therefore possible

by analyzing the location of the pulse and the pulse signature. The degree of

deterioration can be determined by the number of pulses or pulse rate.

2.2 Present Program

Presently, HSD is using IR&D funds to develop electrostatic technology for both

fighter and transpot applications. The program in 1982 concentrated on deve-

loping baseline data during test cell operations on F100 and TF33 engines. The

1983 objective is to transfer the technology to the flight regime of a transport

aircraft because of the lower risk involved in flight demonstration on a

transport aircraft vs. a fighter aircraft. Electrostatic data acquisition

equipment will be installed on five to eight TF33 engines used on the C141

transport at Charleston AFB as part of a life extension program being conducted

by Military Air Lift Comand. Development of flight test data on transport type

aircraft will allow positive correlation between test stand results and opera-

tion of the engine in the flight environment.

2.3 Fighter Attack Application

Hamilton Standard would like to conduct a parallel program on the J52 attack

engine to extend the technology into this more severe environment. Once these

program objectives are met in the J52 attack application, we anticipate using
*this "baseline" for extensions to advanced fighter/attack applications.
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3.0 PROPOSED PROGRAM

The proposed program will consist of mounting electrostatic data acquisition

units on the J52 in the A-4 or A-6 aircraft during a flight test program and

analyzing the data gathered to determine the severity of engine component wear.

The goals of the program will be to:

1. Develop and demonstrate the technology and hardware for acquiring
electrostatic pulses on operational fighter aircraft.

2. Verify and classify the pulse signals generated from the engine component

wear.

3. Correlate specific electrostatic pulse data with specific critical component

*] deterioration. .4

The proposed program will be conducted in two phases:

I Hardware Design and Construction

II Data Acquisition and Analysis

Phase I will occur in the first six months of the program, and Phase II will

occupy the remaining 12 months.

Phase II will require ground operation to acquire baseline data and a flight

program to develop the classification data base. Installation of the equipment

on the selected aircraft and ground operation is expected to take about three

months of the 12, with flight data acquisition and analysis using the remaining

nine months.

The program cost is estimated to be $950K. A more formal breakdown of the

progfra- elements will be made available upon roquest.
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4.0 BENEFIT ANALYSIS

The capability to determine the health of the internal core of a let engine pro-

vides many benefits. Estimations of the potential savings which may accrue with

electrostatic condition monitoring have .been made using data derived primarily

from the Navy 3M (Maintenance and Material Management) system for J-52 P6/8/408

engines. Electrostatics monitoring improvement factors are engineering estima-

tee based primarily on test stand data and airline condition monitoring

experience.

Even though this technology will not be confined to the J52, the potential

savings on an annual basis for this engine alone using an Electrostatic Engine

Monitoring System are substantial. these potential savings result from the

reduction in unschedule engine removals, extension of major component repair

intervals and extension of hot section inspection intervals. Unscheduled Engine

Removals (UERS) are estimated to be reduced by 30% because of the early detec-

tion of engine problem resulting in direct savings of $2.1M per year. This

reduced UER rate will in turn require fewer spare engines resulting in a savings

of $3.9M.

-< Extending the overhaul interval by an estimated 25% from 2500 hours to 3125

hours will result in a direct savings of $1.85M per year. The reduction in

spare engines needed will be from 12 to 10 engines for a savings of $2.6M.

Adding up the total cost savings from the reduction in UERs and extension of

overhaul and hot section inspection intervals are estimated to save $6.3M per

year and $9.0H one time savings.

4.:' The potential savings on this engine alonoi should justify the funding of a

demonstration program. The other fighter attack aircraft potential savings
possible using similar programs adds additional justification for fund:Lg this

program.
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vibro-meter corp.
22109South Vermont Avenue, Torrance, California 90502 Phone: (213) 320-8410
Headquartered at

50 Moulton Street Cambridge. Massachusetts 02238 Cable Address: Vibrocal

(formerly ItBN Instruments Corporation) Telex: 673-528

Phone: (617) 497-0091 Telecopter. (213) 328-9621

.

February 23, 1983

Mr. Paul Howard, Chairman MSCM
Institute for Defense Analyses
Science & Technology Division
1801 N. Beauregard Street
Alexandria, VA 22311

Dear Paul:

Following our presentation to your IDA MSCM committee on February
15th, we have considered in soie depth the future direction that our
development is taking regarding condition monitoring of turbines and
associated mechanical equipment. Our perception of the market, its *.,

current requirements and future potential needs, has been utilized on a ,a %
world-wide basis in outlining our ideas to you as contained herein.

For your information we also indicate our current thinking regarding

the budgetary costs of these programs, in 1983 dollars. We would expect
that if such developments could be agreed upon then they would take the
form of cost plus programs and that the amounts involved would be con-
tributary so as not to put in doubt the "ownership" rights of Vibro-Meter
Corporation in the products that may ultimately result from these programs.

Item to be Developed Budgetary Cost

1.) High temperature 9000 F operation (10000 F ,-
survival) proximity probe for general usage
on rotating machines. $300,000 M S C M 1

2.) Engine mounted/fuel cooled engine vibration
diagnostic system using advanced digital
analysis techniques and controlled by micro-
processor. This system to include adaptive
software and storage of maintenance data in
X.Y.Z. format. $500,000 M S C M- 3
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Item to be Developed Budgetary Cost

3.) Extension of system outlined in (2) to attain
the following additions:

i) Gear box/transmission monitor M CM- 3
ii) Temperature, Oressure, speed parameters 

..4
for engine health monitoring

iii) Software/A.I. to compute engine health
algorithms such as low cycle fatigue,
creep, thermal fatigue, exceedances $750,000

Vibro-Meter would propose that this program would be system directed by
Vibro-Meter but in active collaboration with rotating machinery/air-frame
manufacturer and drawing on the existing expertise of Bolt Beranek and
Newman (previous owners of the instrument division that Vibro-Meter has
acquired) in the field of computer software and artificial intelligence.

.4.

We hope that this proposal will meet with your approval. We are
available to meet with you or other members of your committee, at your
convenience, to further discuss this matter if you should feel that we
may be of assistance.

Yours sincerely,

L~g 4~eveff

Dr. Richard

President

fr

RWG/lb

• .
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V. MSCM PROGRAM CASE STUDIES

AND LESSONS LEARNED

One of the key questions addressed by this committee was:

"How do you successfully get MSCM con.siderations incorporated

into a program early on and infuse new technology in less than

the evidently traditional eight years?" As background, we

reviewed several development programs (primarily engine) to

determine when MSCM was considered, how it was integrated into

the system design, how MSCM effectiveness was measured, and how

observed failures/malfunctions occurred versus the predictions

made during the FMEA and RCMA. Of most interest were programs

with successful track records and proof of benefits. What was

found, most often, was a consistent lack of mechanical systems

condition monitoring beyond time/cycle counting and oil sampling

until a problem caused economic or mission performance problems.

Then the resultant solution was aimed at a particular problem

and not the mechanical system as a whole. The LM2500 ship

engine diagnostic system (Navy) proved to be exceptional in the

sense that more diagnostic and prognostic complexity was

initially designed in than was finally found to be necessary.

A beneficial simplification in diagnostic systems was attainable

because, unlike aircraft turbine engines, the LM2500 is operated

at a fraction of its rating (less stress). The LM2500 is typical

in that it was in late development before the subject of diag-

nostics was addressed.

In some cases program controls in the MSCM area were absent

and decisions were deferred to the contractor. It appears nearly

axiomatic in a program to identify problems, generate solutions

to them individually, and then turn over system support and

management to the user command. One general observation in

this area is that military managers on time-limited tours of

duty do not appear motivated through performance ratings or

V-1
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career intentions to promote reliability and maintainability,

at least from an MSCM perspective.

Table V-1 lists the three basic questions asked for each

program. Through these questions we hoped to discern the

thought process and timing for the consideration of MSCM

application. Table V-2 lists the responses received. In

general, there was little effort toward early incorporation .

of MSCM; we found retrofit activities for all but the newest

engines. This late incorporation of MSCM negates many of the

LCC benefits that come with front-ended incorporation.

Also included are lessons learned from the engine

monitoring experiences and an assessment of USAF programs.

'.
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TABLE V-I. BASIC QUESTIONS ASKED FOR EACH PROGRAM

ASSUMPTION:

Early incorporation of MSCM requirements in

engine development programs yields the highest

payoff and maximum benefits for reliability
and maintainability. To be effective MSCM
must be applied from the user's perspective
and benefits measured from that perspective.

FOR EACH ENGINE:

1. Was MSCM requirement recognized early in

the development program.

la. If yes, what was done?

2. Was MSCM requirement recognized after
engine development? Production?

2a. If yes, what was done?

3. If MSCM was implemented, what was the
motivation?

It
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ENGINE MONITORING LESSONS LEARNED

1. From the review of various engine monitoring systems

approaches, it becomes obvious that because of the many

available options, future planners must ask questions

which include: "What is the management/decision system

informational requirement to produce on-condition capability

at the lowest life cycle cost? Should the information be

presented on-board or off-board? Or a combination of both?

When and where will the information be integrated into the

operational environment? How much monitoring is enough?"

Proper focus of engine monitoring development efforts to

meet the requirements for engine usage, engine parts tracking,

fault detection and isolation, and engine performance

trending necessary for reliability centered maintenance

can be achieved only when correct answers to these questions

are established.

2. Retrofitting engine monitoring systems for either the gas

path or major mechanical components can be very expensive

and payback is not realized in the short term. Every

attempt should be made to use existing or standard hardware

to perform the monitoring function as well as the data

extraction and subsequent processing.

3. The overall driver in establishing an engine maintenance

concept, of which engine monitoring is a key element, is to

minimize maintenance manhours per operating or flying hour.

Don't build or buy monitoring equipment that defeats that

purpose.

47/8-6
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4. An engine condition and mechanical systems condition

monitoring on each engine is necessary for full implemen-

tation of reliability centered maintenance on engines.
p..

5. The overwhelming demand for the highest possible performance

technology can provide has led. to a situation where reli-

ability has been sought and improved only after entry into

service. Very severe economic penalties in terms of cost,

maintenance manhours and materials are being realized in

falling mission readiness.

6. Centralizing most of the engine monitoring activities at an

operating base shortens communication links and ensures that

the engineering feedback and data collection come together

as quickly as possible. This close communication is essential

for software evolution and final development.

7. A substantial portion of engine maintenance is spent on

investigations in which no defect is found. This means that

maintenance decisions are being made without proper or any

illuminating data. In addition, under similar conditions,

different decisions are being made. It is, therefore, in

the best interests of DoD and the engine contractor that

the engine contractor be prime for the development of

engine monitoring systems.

8. In terms of the total aircraft systems maintenance, the

engine accounts for 10 percent or less of the manhours

expended. What is important is the significance of the

failures to flight safety and mission readiness.

47/8-7
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9. Even though reliability centered maintenance has been

implemented within the Air Force, the whole engine work

unit code still appears very high in the ranking of engine

maintenance codes and the preponderance of the whole engine

occurrences are listed as no-defects-found. Just looking

at removals, one can see that 64 percent of all removals

are still unscheduled and attributed to mechanical failures.

The Air Force isn't meeting the goals of RCM.

10. Many engine mishaps are caused by foreign object damage.

Engine monitoring is not much help in this area.

47/8-8
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ASSESSMENT OF AIR FORCE ENGINE MONITORING

Engine Condition Monitoring in the Air Force is currently

undergoing change. Of the current inventory engines, none

has an automated engine monitoring system (or, in the case of

C-5A MADARS, one that is relied upon for decisional support).

The majority of engines are manually tracked, timed metered

through mechanical indicators and performance trended through
fl- o

crew observation. The Spectrometric Oil Analysis Program is

deeply entrenched and relied upon heavily by the AF maintenance

community. Changing all of this is the introduction of the A-10

Turbine Engine Monitoring System which will automatically monitor

mechanical and gas path performance of the TF-34 engine. This

system is also being applied to the F100 engine for re-engined

KC-135s. An automated ground engine test system (AGETS) is near

production to automate engine test, trim, and trouble shooting

for the F100 engine. The FlOl engine for the B-IB is nearing

production and will be monitored by the Central Integrated Test

Subsystem. These very near term progra. q will move the Air Force

from manual to stand alone (separate from other aircraft systems)

automatic data collection and monitoring of engines.

Hand in hand with these evolutionary changes is the change

to the engine data handling system. Heretofore manual data

transcribed from form to form to punch card to magnetic tape has

been batch loaded to base level computers and virtually lost to

base technicians because of long processing delays and extensive

errors. The Air force is currently implementing an operator

interactive on-line system that transfers data electronically and

allows flexible graphics at base level for manipulation by engine

technicians. This step into smart processing complements the

move to automatic data collection on-board the aircraft and

47/8-9
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helps illuminate the results of the data collection to the

people who need to make decisions.

Because of the new accessibility to near real time, in-flight

data, AF designers are recognizing the need to link the reliability

centered maintenance analysis with design of the monitoring system.

This step makes it possible to move from a reactionary style of

designing to monitor known problems to a clear trend of designing

for flexibility to support decisions that must be made in different

wartime and peacetime scenarios. This is strongly evidenced in

"* the FI0, FlOO-PW-200 competition fighter engine programs. In

each of these programs a concerted effort is being made to

integrate the monitoring function within the electronic engine

control and access the information it generates through the

aircraft multiplex bus. This opens many new decision possibilities

during flight, certification runs and trouble-shooting.

4 In addition, a great deal of effort is being expended by the

Air Force standardizing the support equipment used to handle the

data generated by these different systems. N

The Air Force will not attempt to apply the advanced,

automatic monitoring methods to the older inventory engines.

Their sophisticaion is low and a great deal of experience already

exists and resides in their respective technical manuals. It is

also just as apparent that while the AF has specific plans for

engine systems to be produced in the late 1980s-early 1990s,

little or no research is being done to further the evolution of

engine monitoring. The current Advanced Propulsion Monitoring -

System being studied by the AF Propulsion Laboratory is in real

danger of being caught by the systems under design for the F1I0,

FlOO-PW-220 engines.

The evolution the AF has experienced is depicted in the

following chart.
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'.' CONC LUS ION ..

- . .-

Based on the above matrix the Air Force has tully realized

the importance of MSCM in all of their engine programs. The

success stems from their single point engine management approach.

The Army and Navy could benefit from this, focusing the aircraft

engine development production and operation under the responsibility

of a single System Program Office (SPO).
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* PROGRAMMATIC RECOMMENDATIONS

1. The military has not done a good job of recognizing and telling

industry exactly what it wants when MSCM is required. A key

example of this is the proliferation of redundant engine

condition monitoring development projects that has occurred.

To correct this situation we recommend the formation of a DoD

Engine Condition Monitoring Group. It shall be chaired by a

DoD representative and include members from each of the Services

and from industry. The primary responsibility of this group

is to infuse into future engine programs what has to be done

to maximize readiness and minimize LCC through the use of MSCM

technology and innovative analysis techniques. This group

should be tasked with recommending policy and giving tech-

nological direction to industry. Its business will be to

tell what and when aspects of MSCM need to be injected.

A draft charter for the Engine Condition Monitoring Group

follows.

2. All military engine and drive system development programs

shall have specific requirements for mechanical systems

condition monitoring (MSCM). The requirement shall-be further

amplified in the RCMA so that diagnostic solutions to findings

in the FMEA are implemented using MSCM techniques and equipment.

3. Army (DARCOM) and Navy (AIR) should extract the management of

engines from airframe management offices and form one organi-

zation with the principal responsibility to develop and

acquire engines for that Service using as a pattern the

organization of the USAF Engine/Propulsion SPO (ASD/YZ).

47/8-13
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DRAFT CHARTER--ENGINE CONDITION MONITORING GROUP

To establish an OSD-directed tri-Service/industry engine

condition monitoring effort that will: .

" Maintain current definition of the technology in engine

monitoring.

0 Coordinate the technology activities and engine monitoring

programs conducted by the Army, Navy, Air Force.

- Sponsor an annual technology exchange and program guidance

meeting on engine monitoring topics.

* Publish an annual report including the minutes of the

Tri-Service meeting for distribution to industry.

_ Make recommendations to key program management personnel

on the benefits, general trends, new technology, and

specific programs involving engine monitoring to encourage

transfer-of-technology and standardization in engine

monitoring.

* Generate design/performance requirement standards and

guidelines for engine condition monitoring.

" Ensure that engine condition monitoring is established

as a front-end requirement for all new engines and

incorporated into existing programs as practical.
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R&M STUDY MECHANICAL SYSTEMS CONDITION MONITORING

TENTATIVE AGENDA
JANUARY 11-12, 1983

TUESDAY. 11 JANUARY 1983

9:30-10:00 MSCM WORKING GROUP MEETING

10:00-12:00 UNITED TECHNOLOGY RESEARCH CENTER/HAMILTON STANDARD
(10:00-10:30 SYSTEM REQUIREMENTS, JOE PRATT

[SIKORSKY]
10:30-11:15 VIBRATION MONITORING, PHIL ZWICKE

(UNITED TECHNOLOGY RESEARCH CENTER]
11:15-11:45 MECHANICAL SYSTEMS CONDITION MONITORING,

PAUL HOAR [UT RESEARCH CENTER/HAMILTON
STANDARDI)

12:00- 1:00 LUNCH

1:00- 3:00 MECHANICAL TECHNOLOGY, INC.
1. BRIEF INTRODUCTION OF MTI
2. OVERVIEW OF THE MTI STUDY AREA
3. VIBRATION AS AN INDICATOR OF MACHINERY PROBLEMS
4. A CURRENT MILITARY PROGRAM FOR AUTOMATED VIBRATION

DIAGNOSTICS
5. MTI STUDY AREA--ENGINE MONITORING AND DIAGNOSTICS

SYSTEMS FOR GAS TURBINE VEHICLES
6. INVESTMENT INFORMATION
7. SUMMARY

PRESENTER:~LARRY AGACE
RICHARD A. RIO
FLOYD YOUNG

3:00- 5:00 DAVID W. TAYLOR NAVAL SHIP R&D CENTER
1. GENERAL INTRODUCTION
2. EXISTING WORK
3. MACHINERY MONITORING PROPOSAL
4. RESOURCES/COST ESTIMATES

PRESENTERS: HANK WHITESEL
JOE DICKEY
WILL ANDERSON
HANK HEGNER

WEDNESDAY, 12 JANUARY 1983

8:30- 4:00 MSCM WORKING GROUP MEETING
1. CHAIRMAN'S BRIEFING

" OSD/IDA R&M ACTIVITIES
" TECHNOLOGY ASSESSMENT ACTIVITIES
* FEBRUARY TECHNOLOGY ASSESSMENT

ACTIVITIES AND SCHEDULE
2 TCHNLOGYASSESSMENT REVIEWS--CONCLUSIONS3.~ RPORT INPUT REVIEWS
4.PROGRAM MANAGEMENT PROPOSAL REVIEWS
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R&M STUDY MECHANICAL SYSTEMS CONDITION MONITORING

INSTITUTE FOR DEFENSE ANALYSES, ALEXANDRIA, VA

FEBRUARY 15-17, 1983

TENTATIVE AGENDA

TUESDAY, 14 FEBRUARY, 1983 (COMMONS ROOM)

8:00 A-M--1O:O0 A.M. NORTHROP CORP. ELECTRONICS DIVISION
PRESENTATION

SPEAKER: ALVIN R. VOGEL

10:00 A.M.-12:00 NOON LSI AVIONICS SYSTEMS CORP.
SPEAKERS: PHILIP DARO

WALTER SHERWOOD
GEORGE BOONE

F-100 ENGINE DIAGNOSTIC SYSTEM
- RESULTS AND FINDINGS
- CONCLUSIONS AND RECOMMENDATIONS

1:00 P.M.- 3:00 P.M. BENDIX ENERGY CONTROL DIVISION
SPEAKERS: JACK WETZEL

JOSEPH BLUISH
TED REILLY-

3:00 P.m.- 5:00 P.M. VIBRO-METER CORP.
SPEAKERS: DR. RICHARD GREAVES

MERVIN FLOYD
TOM MACALUSO
CARL NICOLINO

1. INTRODUCTION TO VIBRO-METER
- PRODUCTS
- LOCATION
- PRESENT STAYUS

2. ENGINE VIBRATION MONITORING SYSTEMS
- ACCELEROMETERS
- CONNECTORS AND CABLES
- ELECTRONICS

3. OBJECTIVES OF AN EVM .Z.

- APPLICATION
4. USE OF DATA

- BENEFITS
5. FUTURE DEVELOPMENTS
6. CONCLUSION
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1.0 INTRODUCTION~i

Hamilton Standard is developing a technology called electrostatics to use as a

monitoring system for measuring internal component wear in gas turbine engines.

The Electrostatic monitoring system is an improvement over current performance

monitors because it measures physical deteriorition giving warning substantially

before traditional performance parameters are affected. Current program involve

test stand monitoring and technology transfer to transport engine flight moni-

oing this year. The program suggested here is for flight baselining and

demonstration in the Navy attack arena on the J-52 engine in the A-4 and A-6

aircraft. A formal proposal on this program can be presented upon request.

A-1
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2.0 ELECTROSTATICS**::. .1

2.1 Engine Condition Monitoring Using Electrostatics

The Electrostatics method ,.) provides a simple, direct measurement of physical

deterioration of internal engine components in the gas path, just as SOAP does

in the oil system. By observing electrostatic pulses generated in the gas path

as a result of component rubbing, chaffing, erosion and burning, electrostatics

warns of potential engine performance degradation before it occurs. This early

physical deterioration normally occurs in the hostile environment of the turbine

engine and results in minute particles which form ionized clouds or pulses which

generate the diagnosable electrostatic charge. The normal (healthy engine)

deterioration rate is established as a function of engine cycling and power and

S.a ObaselineR count is established. When this "baselinew is exceeded by a prede-

termined margin, a warning is given that a *significant abnormal event" has

occurred which requires further investigation.

Traditional engine conditiov monitoring consists of taking performance data from

the engine at periodic intervals while operating, converting this data into a

form that takes into account various temperatures and pressures and comparing

this data with a baseline curve made at the time the engine was new or recently

overhauled. Deviations indicate wear or possible incipient trouble. The

inherent problems with this method are the complexity and time involved in ana-

lyzing a large quantity of performance data, and the need for performance to

begin to deteriorate in order to indicate a problem.

The difference between the two methods is that electrostatics measures physical

deterioration prior to its effecting performance, while *conventional' diagnosis

relies on early detection of performance degradation regardless of the extent of

prior physical deterioration. Nsaurement of physaial deterioration takes the

guesswork out of gas path monitoring and enables monitoring component wear from

Its inception, providing the ultimate in trending capability.
-"J

(e)Patenta pending-UTC
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* 2.1 (Continued)

The pulses or "cbarged clouds" are detected by inserting electrostatic probes

into the engine's gas path or by encircling the gas path with a capacitively

coupled ring probe as shown in Figures 1 and 2. As the pulse passes the probe,

a time varying voltage Is produced which can be analyzed and a "signaturew dev-

eloped corresponding to a given deterioration or "wear condition". Fault isola-

tion is therefore possible by analyzing the location of the pulse and the pulse

signature. The degree of deterioration aan be determined by the number of

pulses or *pulse rate".

2.2 Benefits Of Electrostatics

The projected benefits of Electrostatic Ingine Monitoring include reduced risk

l with increased reliability and maintainability. The traditional Life Consumed

versus Operating Time graph has been used for years to illustrate that Engine

Condition Monitoring can reduce the costs of engine and aircraft maintenance,

increase reliability, Improve safety, reduce the risks of in-flight failures and

thus save dollars.

Some of the specific benefits that electrostatics can provide are outlined in

the following paragraphs.

Engine Wear Monitor

Since electrostatics monitors actual deterioration of the internal components,

normal wear may be determined and maintenance scheduled based on wear rate in

the true on-oondition monitoring sense. Thus, a reduction in unscheduled main- .'

tenmnce.,unscheduled engine removals and extension of inspection intervals can

result because of advanced warning of abnormal wear conditions. Additionally,

the pulse shape* (signatures) resulting from different engine wear situations

vary from component to component so fault Isolation to component level is

posmible. Thus, go/no-go and fault isolation Information will be available with

this technology.

A- 12
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2.2 (Continued)

Safety and 3urvivability

Not only is primary deterioration measurable with electrostatics, but secondary

damage may be detectable as well. If a component rub or erosion condition

reaches a severe level, larger partiales of material travel back through the pas
path resulting In mmasurable secondary damage. Thus, if foreign objects or a

projectile Is Introduced into the gas path, the severity and duration of the

damage Is detectable. Having information on the severity of battle damage is a

benefit which is planned for the future.

Reliability & Maintainability

As electrostatics become an integral part of the maintenance methodology, the

ability to fault isolate and predict abnormal wear conditions will improve

causing a decrease in unscheduled maintenance and an Improvement in the preventative

maintenance performed in scheduled maintenance. The increase in predictive

maintenance will increase reliability and maintainability with a resultant

increase in availability.

4 ~.4
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3.0 MONITORING PROGRAMS

3.1 Bakceud .?

Hamilton Standard Division of United Technologies has been developing monitoring

systems for more than 20 yeas. The technolog advances which have been imple-

mented by HSD have paralleled and complemented philosophical and technological

changes in military and corcial intenane program.

In the early 1960's, the normal mintenac approach we for *hard tiN" re-..

placement of parts. Egine parameters were just beginning to be monitored, pri-

marily during required trim runs after maintenance. !15 provided equipment to

facilitate trimming and engine parameter monitoring. These early units were

strictly data gathering devices with limited or no automatic analyzing capabi-

lity.

As maintenance philosophies changed in the 1970's, primarily in the comercial

fleets, to *repair only on deteriorationN, a requirement for more sophisticated

monitoring capability, both on the ground and in the air, Was seen. 115 pro-

vided the latest equipment in such program as AIDS, PKTTS and AIDAPS that was,

more accurate and included more sophisticated diagnostic capability. Computers

were used to accomplish, in real time, those analytical procedures formerly -

requiring a large fixed computer at the depot. On-board monitoring systems are

now being used on many of the world's largest airlines and substantial financial

benefits and much improved dispatch reliability have been proven.

To maintain this position in the forefront of engine condition monitoring, HSD

continuously pursues an aggressive program of internal R&D with maximum use of

the resources available to UTC. Development program to improve the state-of-

the-art in condition monitoring and dlsinotios are planned in conjunction with

engine development program of Pratt & Witney Aircraft (P&VA). The analytical

basis of the di-ctio program is developed using the expertise of the UTC

Research Center, a world leader in signal analysis techniques.

A-i16
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3.1 (Continued)

The recent rapid advances in both sensor technology and microprocessor power

provides an opportunity to again make a quantum improvement in early detection

and repair of Jot engine deterioration. With the experience of ISD and the

extensive resources available within UTC, we are currently an excellent position

to advance engine condition monitoring technology.

3.2 Present Program

Presently, BD is using IRAD funds to develop electrostatic technology for both

fighter and transport applications. The program in 1982 concentrated on dove-

loping baseline data during test cell operations on 7100 and F33 engines. The

1983 obJective is to transfer the technology to the flight regime of a transport

aircraft because of the lower risk involved in flight demonstration on a
-.

transport aircraft versus a fighter aircraft. Installation of electrostatic

data acquisition equipment is presently being pursued on five to eight F33

engines used on the C141 transport at Charleston AFB as part of a life extension

program being conducted by Military Air Lift Comand. Development of flight

test data on transport type aircraft will allow positive correlation between . .

test stand results and operation of the engine in the flight environment.
W:-.

The initial evaluation of the technology has been on the F100 engine built by

P&WA. Data has been taken during test stand runs using ground equipment and is

being used in developing the expertise necessary to produce a signal classifica-

tion system for the F100 engine. Correlation between specific features of the

electrostatic pulse and various engine problems are being demonstrated for the

F100 engine. The pulse definition work is a program identified as *Phase I, F1O0

Pulse Classifierg, P. 3. Zwicke, UT]C R82-395794-1, June 1982, which is being

conducted at UTRC. Using the data developed from the UTIRC effort, a computer

driven analyzer is being developed to provide real time analysis of engine con-

dition.
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3.2 (Continued)

A program to develop TF33 baseline data has been in progress since 1982. On

August 16, 1982, a TF33 engine S/IN P659710 with 10,410 hours TSO was removed
from a C141 aircraft and run in the test cell at Charleston AFB for low oil

pressure problem. The electrostatic pulse count recorded by the Hamilton

Standard Data Acquisition Unit indicated 51 positive and 46 negative counts, far

exceeding the pulse count for a nominal TF33 engine. The engine was removed

from service and disassembled. The findings after tear-down showing first stage

inlet nozzle guide vane deterioration, turbine shroud shingling and turbine seal

damage are illustrated In Figures 3 and II.

The 1983 effort includes the generation of suitable test plans and the acquisi-

tion of appropriate flight test data. The TF-33 Program will demonstrate

electrostatic applicabiity to an engine in the transport category. Development

of flight test data on transport type aircraft will allow positive correlation

between test stand results and engine operation in the flight environment. Data

acquisition will be acouplished on five to eight flight units which will be

installed on TF33 engines used on the C141 transport at Charleston AFB as a part

of a life extension program being conducted by Military Air Lift Command.

- ,-
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4.0 PROPOSED PROGRAM

Hamilton Standard would like to conduct a parallel program on the J52 attack

engine to extend the technology into this more severe environment. Once these

program objectives are met in the J52 attack application, we anticipate using

this *baseline" for extensions to more advanced fighter/attack applications.

The proposed program will consist of mounting electrostatic data acquisition

units on the J52 in the A-4 or A-6 aircraft during a flight test program and

analyzing the data gathered to determine the severity of engine component wear.

The goals of the program will be to:

1. Develop and demonstrate the technology and hardware for acquiring

electrostatic pulses on operational fighter aircraft.

2. Verify and classify the pulse signals generated from the engine component

wear.

3. Correlate specific electrostatic pulse data with specific critical component

deterioration.

The proposed program will be conducted in two phases:

I. Hardware Design and Construction

II. Data Acquisition and Analysis

Phase I will occur n the first six months of the program, and Phase II will

occupy the remaining 12 months.

Phase 11 will require ground operation to acquire baseline data and a flight

program to develop the classification data base. Installation of the equipment

on the selected aircraft and ground operation is expected to take about three

months of the 12, with flight data acquisition and analysis using the remaining

nine months. -

The program cost is estimated to be *950K. A more formal breakdown of the
program elements will be made available upon request.
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4 .1 Program Tasks

The tasks to be performed in this program are:

1) Determine critical component criteria

2) Determine DAU and probe mounting

3) Design and build DAU

4) Design, build and qualify probes

5) Prepare test plan

6) Support data acquisition activities

7) Analyze data

8) Develop preliminary classifier

9) Evaluate classifier results against engine condition

10) Evaluate degradation thresholds

4- .2 Electrostatic Engine Monitoring System (EEIS)

There are four (4) specific pieces of hardware required to implement an electro-

static monitoring program as shown in Figure 5. The status panel is (TED) but

is planned to offer cockpit informtion in the future.

" Engine Mounted Probes

4% " Data Acquisition Unit (DAU)

Transfer Unit (TU)
" Electro static Pulse Analyser (ESPA)

The TU and ESPA are oomon to all engines with minor software changes required

to acoomodate various engine/aircraft combinations. The Probes and DAU are

designed and qualified for the particular application desired.,

Probes

The electrostatic probes will be developed using the existing probes in the

engine and modifying them to monitor the pulses. The modification basically

ocsists of electrically isolating the protruding portion of the probe from the

case of the engine and attaching a lead wire to the isolated section.
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4.2 (Continued)

DAU
The DAU will be designed for the aircraft/engine combination selected. The unit ,
will be a small closed box mounted on the engine in a convenient location. The

unit will be donstructed to withstand the normal environmental conditions in the .

engine compartment in a relatively cool area forward of the diffuser. It will

be capable of recording at least three electrostatic probes, rotor speed and

HGT. It will be designed to operate independent of the pilot's control and will

turn on and off using the engine RPM as a control signal. Power will be

supplied by the on-board power system. The memory will be non-volatile so that

an recorded information will be maintained after engine shutdown.

TU

The Transfer Unit will be a small hand-held device which is used by the flight

line personnel to extract the recorded data from the engine mounted Data

Acquisition Unit (DAU). It is designed to interface with a connector placed in

an easily accessible area on the engine and to cause the DAU to dump the con-

tents of its memory into the memory of the TU. This data is then transferred

into the anlyzer located in a nearby area. The TU will be available to the

crew chief of the program aircraft and will be battery powered and simple to

operate. A readout of the number of pulses for each flight will be included on

the TU for manual recording of engine condition by the flight line personnel.

ESPA
The E .. trostatic Pulse Analyzer (ESPA), shown in Figure 6, is designed to pro-

vide a means of digitizing, monitoring and analyzing pulses detected by the

electrostatic probes. The unit normally located in an engine test facility con-

sists of a five inch CRT display, a digital cassette o-ahanism, a alpha-numeric

keyboard with all hardware and software to enable the system to condition, digi-

tize, record, analyze and display a pulse signature. The Analyzer is contained

in a standard 19-inch rack suitable for standard cabinet mounting. This unit

will take the signals from the Transfer Unit (TU) and provide the analysis power

required for the development phase of the program. The goal will be to develop

the technology to provide in-aircraft analysis of the pulse significance for
pilot warning and flight line maintenance uses.
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5.0 BENEFIT ANALYSIS

• .The capability to determine the health of the internal core of a jet engine pro-

vides many benefits. Estimations of the potential savings which my accrue with

electrostatic condition monitoring have been made using data derived primarily

from the Navy 3M (Maintenance and Material Management) system for J-52 P6/8/408

engines. Electrostatics monitoring improement factors are engineering estimates

based primarily on test stand data and airline condition monitoring experience.

Even though this technology will not be confined to the J52, the potential

savings on an annual basis for this engine alone using an Electrostatic Engine

Monitoring System are substantial. The potential savings result from the reduc-

tion in unschedule engine removals, extension of major component repair inter-

vals and extension of hot section inspection intervals. Unscheduled Engine

Removals (UERs) are estimated to be reduced by 30% because of the early detec-

tion of engine problem resulting in direct savings of $2.1M per year. The

reduced UER rate will in turn require fewer spare engines resulting in a savings

of $3.9M.

Extending the major component repair interval by an estimated 25% from 2500 hours to 3125

hours will result in a direct savings of $1.85M per year. The reduction in
spare engines needed will be from 12 to 10 engines for a savings of $2.6M.
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.4 5.0 BENEFIT ANALYSIS (Cont'd)

lxtension of the hot Section inspection intervals will provide a direct savings

of $2.36M yearly and a reduction of requirements for 2 spare engines for a one-

time savings of $2.6M.

Adding up the total cost savings from the reduction in UE~s and extension of

-'. overhaul and hot section inspection intervals are estimated to save *6.3M per

year and $9.OM one time savings.

The potential savings on this engine alone should justify the funding at a

demoastration program. The other ftighter attack aircraft potential savings

possible using similar program adds additional justitfication for funding this

program.
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5.1 Analyuis Methodolosy

The following Illustrates the methods for arriving at the potential Savings

discussed.

Data Base

1) Engine Flying Hours (EFH) P6/8 360,000/yr (NAVAIR)

P1408 95,000/yr (NAVAIR)

2) Unscheduled Engine Removals (UER)

o uU Rate: P6/8 .63/1000 EII (3M) 0
WisS 1.15/1000 3111 (3M)

o UERNs chargeable to internal engine components monitored by

electrostatics: 58% of total (Aircraft Engine Maintenance System) (ADIS) M

o Direct UR cost lOK/eng (P&VA-GPD)

o UER Turn Around Time (TAT) four days (P&WA-GPD)

3) Major Component Repair Interval

" Tim Between Major Component 2500 hours (P&WA-GPD)

Repair

o Cost of Overhaul $50K (P&WA-GPD)

" TAT of Overhaul 52 days (PhWA-GPD)

14) Sot Section Inspection

o Tim Between P6/S 750 hours (3M)
Inspection (TBl) P'i08 500 hour. (3M)

o got Section TAT 5 day (P&VA-GPD)

A-28
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5.1 (Continued)

Direct Savinzs Calculation

* 1) UR

a) Total UER/yr aUR rate x EFH x 722 crag/yr

b) UER's chargeable to monitored components

Total UR/yr x .58 x 419 engines

c) Direct cost of chargeable UERNs
J419 crag/yr x *1O/eng x *$4190X/yr

d) Fifty percent of chargeable UR3s saved with electrostatic monitoring

*(crag. eat.)$14190K/yr x .5 a$2.3. K/yr.

2) Repair Extension

a) Total repair/yr. a ErH/yr -TDO a 192 erag./yr.

b) Total direct cost of repair a eng. /yr x cost/eng $ 9100K/yr.

c) Electrostatic monitoring will allow 25% extension of repair time (eng.

est.)I d) Engines/yr. with extended TBO a 1145 crag/yr.
c) New cost 1415 x 50K z *7,250K/yr.

f) Yearly savings $9100K - $7250 K $ 1.85 K/yr.

3) Hot Section Inspection Extension

a) Total hot section inspection EVFl -B z 670 eng./yr.

b) Total cost cost of inspection x # of crag. a $13,1400 K/yr.

c) Electrostatic monitoring will allow 25% extension of hot section inspec-

tioa time (crag. cat.)

d)- Di./yr. with extended inspection time x 552 crag/yr.

e)New cost 552 x 50K a $11,040 K/yr.

f) Savings/yr a $13,1400 K - $11,040 K $ 2.36 K/yr.

TOTAL DIRECT COST SAVINGS/TI. *2.1 K

1.85 K

2.36 K

i6.31 K/yr.
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5.1 (Continued)

One Tim Savings Calculations

1) UEn

a) 1419 URs/yr. para 1.C

b) Total days used 419 x TAT (4) . 1676 days

a) Five day week # 52 weeks a 52 weeks 260 days

d) 1676 - 260 a 6.45 therefore six spares required to cover

e) fifty percent fewer engines required with electrostatic monitoring -

eng. 0 $1.3 M (P&VA-GD) a $3.9 M savings

2) Repair

a) Eng. required to cover repair non-electrostatics:

182 x 52 (TAT) - 260 a 12 eng.

b) Eng. required to cover repair with electrostatics:

1145 x 52 - 260 a 10 eng.

4- Savings 2 eng. @*1.3 M a $2.6 M

3) Hot Section Inspection

a) Ehg. required to cover hot section Inspection without electrostatics

.670 x 5 (TAT) - 260 a 12

b) Eag. required to cover hot section inspection with electrostatics

- 552 x 5 - 260 = 10

- Savings 2 en. 0 $1.3 H $2.6 N

Total one time savings 9.3 N
.o

'1.'
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5.
RELATED WORK/TRANSFERRABLE TECHNOLOGY 4

The development of an integrated vibration monitoring system for the

BlackHawk transmission will benefit from similar automatic diagnostic systems and

related technology already developed. Several of these systems are described

below.

(1) Electrostatic Pulse Analysis Classifier (ESPA) '

The ESPA program is a Joint HS/UTRC/P&WA program to develop a gas turbine

engine monitoring and diagnostic method based upon electrostatic pulses in the

gas path. An automatic classifier has been developed which detects 24 different

engine events (such as blade rub and blade erosion) based upon shape differences
in the electrostatic pulses produced by these events (Ref. B). The classifier is

being implemented in microprocessor based hardware. The classifier development

and implementation procedures are applicable to the vibration monitoring program.

(2) NDE Programs:

Several monitoring and inspection systems developed under contract and in-

house have common elements with the vibration monitoring program. Ultrasonics

have been used to inspect various gas turbine engine components. Pattern recog-

nition has been used to predict the strength of adhesive bonds, using information

extracted from ultrasonic data. Signal Processing and pattern recognition have
been applied to Eddy current signals to locate and size various flaws in aircraft

structures. Acoustic Emission monitoring is being applied to detect and monitor

crack growth in highway bridges. Image processing and understanding is being

applied to fluoroscopic images of turbine blades to automatically find various

metallurgical flaws.

(3) Laser Vibration Sensor (LVS):

UTRC has developed a LVS for industrial and military monitoring applica-

tions. The LVS has already been used to acquire vibration data from helicopter

gearboxes. The advantages of the LVS are (1) very high bandwidth (0 to IMHz), j
(2) noncontacting, (3) nonresonant, (4) high dynamic range (106 G's), (5) surface

monitoring capability. Although the LVS is applicable for ground test systems,
it is several years away from being applicable for in-flight monitoring. How-

ever, the LVS will still play an important role in the technical plan for

developing the in-flight system prototype. Specifically, it will be used to scan

the gearbox to find the optimum locations for mounting the accelerometers. This
is a crucial step in the successful detection of low-energy failure-modes.
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TABLE I: REDUCED MISSION ABORTS

1. Fleet Size - 1107 aircraft (latest figure)

2. Usage - 69 hrs/ac-month (specification)
3. False Indications - 2.25/1000 flight hours (estimate)

4. Cost - $1000/flight hour (approximate)

5. Aircraft Life Cycle - 20 years (estimate)

6. Assumptions:

(a) 50% of false indications occur on outbound leg

(b) one hour extra flight time per abort

(c) 97% monitor efficiency at eliminating aborts due to false indications

TABLE 2: SYSTEM AVAILABILITY

1. Transmission MTBF's 7000 hours: 2 accessory modules
5000 hours: 2 input modules

4500 hours: 1 main module

2. Usage - 69 hrs/aircraft-month
3. Fleet size - 1107 aircraft

4. Fleet deployment - 60% small base (< 17 a/c)
40% large base (> 17 a/c)

5. Small base - 75% spares available in 3 days

25% spares available in 3 weeks (depot)

Large base - 50% spares available in 3 days

50% spares available in 3 weeks (depot)

6. 80% monitor efficiency at scheduling removals; thus reducing 3 week waiting

period to 2.4 weeks

7. Aircraft cost - $6.2M

4'

U-%
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DEPARTMENT OF THE NAVY N L TOR
DAVID W. TAYLOR NAVAL SHIP RnnAfmCH um -,POLI MD 21402

AND DEVELOPMENT CENTER CAROEROCK LABORATORY
HEADQUARTERS BETHESDA MO

BETHESDA. MARYLAND 200M IN -i RAR TO

2732:JWD
3900

1 0 FEB 1983

Dr. Paul M. Howard
* -Chairman, HSCH

Institute for Defense Analyses
Science and Technology Division
1801 N. Beauregard Street
Alexandria, Virginia 22311

Dear Dr. Howard:

We appreciate your continued interest in the technology advances which we have
been developing at the David Taylor Naval Ship Research and Development Center.

Per your request, we are forwarding a refined version of the material which we
presented to the Mechanical Systems Condition Monitoring Working Group on
11 January 1983. The four enclosures describing recommended development
plans are:

1. The extension of Acoustic Valve Leak Detector technology to Tr-Services
applications.

2. The development of Fiber Optic Bearing Monitoring technology and its
extension to Tri-Services use.

3. The development of an on-line and portable Ultrasonic Wear Particle

Sensor.

4. The development of an Integrated Shipboard Machinery Monitoring System.

Original viewgraph packages of the four enclosures will be forwarded to
you under separate cover due to their bulk. We hope that this material meets
your needs. The Center's point of contact for this effort is Mr. Henry Whitesel
who will be glad to answer any questions. Mr. Whitesel may be contacted at the
following: commercial 301-267-2163 or Autovon 281-2163.

Sincerely yours,

Enclosures W. C. DIETZ
Head, Propulsion and
Awdiiay Systems Dept.
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DPU Features
" Microprocessor Controlled

* 8Bits
* High Speed MPY/DIV
* Direct Memory Access
* Multilevel Maskable Interrupts

" Core Memory
" SEMS-16
" 64K Words By 9 Bits
" Reprogrammable

" Vibration Analysis
" Broad Band (50 To 300HZ)
" Narrow Band (10HZ) Bandwidth

* 50 To 300HZ Band
* Proportional To RPM
* Processor Controlled

• Automatic Bit
* Capability To Fault Isolate To A Replaceable Assembly
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1. PURPOSE: The purpose of this AIR is to provide information and
guidance for the selection and use of oil system monitoring de-
vices and methods.

This Aerospace Information Report (AIR) is intended to be used
as a technical guide. It is not intended to be used as a standard
or legal document.

2. INTRODUCTION: Oil system monitoring for gas turbine engines can
be classified into three types of activities:

- oil system operation monitoring (monitoring the
oil system for proper operation);

- oil debris monitoring (monitoring the condition
of o--wetted engine components via the oil system);

-oil condition monitoring (monitoring the condition
of the oil itself).

Figure 1 shows schematically the techniques and hardware used for
these three types of activities.

Further classifications are useful with respect to whether these I
techniques are established or still under development and whether
they involve on-aircraft equipment only or whether they require
off-aircraft equipment or facilities. Figure 1 also indicatesthese classifications.

Oil system monitoring is one of the methods which constitute an
engine monitoring system, as discussed in ARP 1587 "Aircraft Gas
Turbine Engine Monitoring System Guide". Frequently, oil system
monitoring data are complimentary to information obtained from
other components of the EMS. This is especially true for vibra-
tion monitoring.

For on-aircraft debris monitoring methods, proper integration of
the sensor(s) into the oil system is essential and can determine
their success or failure. Further, both on-aircraft and off-air-
craft debris monitoring methods are affected by the degree of oil
filtration. This document therefore addresses both sensor inte-
gration where applicable and the interaction of debris monitoring
and oil filtration.

The scope of this document is limited to those inspection and
analysis methods and devices which can be considered appropriate
for routine maintenance.

3. HISTORY: Oil system operation monitoring by means of pressure,
-eperature and oil quantity constitutes the earliest form of oil

system monitoring in aircraft engines. Later, filter bypass
indicators were added to alert maintenance crews to clogged filters.
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Wear debris monitoring goes back to the periodic checking of fil-
ters, pump inlet screens and magnetic drain plugs in reciprocating
engines. By the early 1950's, some airlines had developed
successful systems for monitoring piston, piston ring and main
journal bearing condition on radial aircraft engines, using such
methods.

The introduction of gas turbine engines with their high speed
ball and roller bearings brought new failure modes with high
secondary damage potential. The airlines successfully applied
the earlier techniques to these engines. They developed a method
consisting of regular removal of the screen-type oil filters, back
flushing them and visually analyzing their content in terms of
quantity, size, shape, color and material.1 ) Experience obtained
from previous cases was used to estimate the likelihood and
severity of failures and to aid in the decision to remove the
engine. Even today, regular filter inspection is used by some
users and is a valuable source of additional information when
other methods provide ambiguous indications of incipient failure.

The second generation of gas turbine engines was already equipped
with magnetic chip collectors with automatic shut-off valves to
retain the oil and simplify routine inspection. Sophisticated
oil debris monitoring methods have since been built around this
principle.

The U.S. military environment is less conducive to techniques
involving a considerable degree of judgment. Thus, in the early
1960's, electric chip detectors began to replace the magnetic
chip collectors in U.S. military engines. In Europe, however,
magnetic chip collectors are still in wide use today in military,
as well as commercial aircraft.

Filter checks, magnetic chip collectors and electric chip
detectors are effective in detecting debris larger than about
50 microns. For the quantitative assessment of finer debris
(smaller than 10 microns), the U.S. military developed the
Spectrometric Oil Analysis Program (SOAP). The origins of
this technique go back to condition monitoring efforts on
railroad diesel engines in the 1940's. Today, it is in wide
use by most military services and many airlines throughout
the world. The U.S. military has standardized the required
hardware and procedures through its Joint Oil Analysis Program
(JOAP), using atomic absorption and emission spectrography.

During the last decade, growing emphasis on reduced cost of
ownership, on-condition maintenance and automated engine moni-
toring has stimulated the development of new oil debris moni-
toring and assessment technologies.

A number of on-aircraft debris monitors, some of them based on
sophisticated physical principles, are being offered and have
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been or are being evaluated by various engine manufacturers
and users. At the same time, improved oil filtration with its
well-established benefit of longer component life may reduce
the effectiveness of some off-aircraft debris monitoring
techniques and may stimulate the development of more sensitive
instruments and methods for off-aircraft wear debris analysis
and characterization.

4. BENEFITS: The benefits which can result from oil system moni-
toring include increased reliability/availability, reduced cost
of ownership, improved product assurance and enhanced safety.

4.1 Reliability/Availability: Oil system components (including
the oil-wetted components of the engine itself) are generally
maintained "on condition". An oil system monitoring method
with good prognostic capability can therefore improve opera-
tional readiness, removal scheduling and engine management and
enhance mission reliability and equipment availability.

4.2 Reduced Cost Of Ownership: An oil system monitoring method with
good prognostic and diagnostic performance can provide information
for trade-off decisions between aircraft availability and cost of
secondary damage. Cost of ownership for the aircraft and fleet
size can then be minimized. This requires a substantial amount
of experience concerning failure modes and progression rates.
This experience, in turn, can be obtained from effective oil system
monitoring.

Reliable oil system monitoring methods can reduce co of owner-
ship also by permitting extensions in time between overhaul or
by helping to eliminate scheduled overhauls entirely. Further,
they can help to reduce unnecessary removals and secondary damage
of actual failures by initiating prompt maintenance action. An
effective system will also help in minimizing in-flight shutdowns.
A cost/benefit evaluation criterion for oil system monitoring
is life cycle cost (LCC). An objective of LCC trade-off analyses

* is to maximize return on investment (ROI) by addressing projected
cost benefit (Ref. ARP 1587, Aircraft Gas Turbine Engine Moni-
toring System Guide, Section 6.4, Cost Benefit Analysis).

The acquisition costs of many oil system monitoring devices are
relatively low compared to the engine components they are in-
tended to protect. The cost/benefit ratio is therefore generally
favorable, especially for large engines. However, maintenance,
inspection, logistics and support personnel requirements can be
dominant contributors to life cycle costs and must be taken into
account (see figure 2).

The cost/benefit ratio of oil debris monitoring methods varies
greatly from engine model to engine model, even within the same
performance class. This is due to the fact that the mean time
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between oil wetted component failures depends on loads, speeds,
lubrication conditions and number of components, all of which
can vary from design to design. In a given engine model, oil
wetted component defects may be a relatively frequent occurrence
and an effective debris monitoring system can contribute signifi-
cant cost savings. This is especially true in the early years
after service introduction. In engine models where this is not
the case, an expensive oil debris monitoring system or program
may not be justified. Nevertheless, the general trend towards
higher oil system component loads, operating temperatures, lower
weight and on-condition maintenance continues to drive the develop-
ment of debris monitoring methods with improved failure detection,
prognostic and diagnostic capability.

4.3 Product Assurance and Verification: Oil system monitoring pro-
vides product assurance by being an integral part of engine
maintenance and inspection procedures and policies.

Bearings misaligned during assembly and similar build defects
are frequently detected during engine acceptance test, run-in
or initial operation by proper oil system monitoring. Oil system
monitoring also plays an important role during engine development
for verification of bearing life and heat transfer calculations.

4.4 Safety: Since bearing or gear malfunctions can lead to loss of
engine power, oil system monitoring can contribute to flight
safety. This is especially true for single-engine aircraft,
including helicopters. In aircraft of this type, effective oil
monitoring is therefore especially important.

5. OIL SYSTEM OPERATION MONITORING

5.1 Oil Pressure: Monitoring engine oil pressure provides indication
of proper oil system operation and is used to detect abnormal
conditions. High oil pressure can be caused by clogged oil jets
and filters or by pressure regulator malfunction. Low oil pres-
sure can be the result of leaks, broken lines, pump failure
(partial or complete), low oil level, or pressure relief valve
malfunction.

In most aircraft, oil pressure is monitored continuously by
means of pressure transducers installed on the high-pressure
side of the lubrication system. These transducers are connected
to cockpit instruments and can be interfaced with on-aircraft
engine monitoring systems.

Transducer selection should address environment, linearity,

repeatability, hysteresis, resolution, temperature errors,
calibration errors, reliability and mechanical/electrical inter-
face requirements. The environmental parameters include tempera-
ture, vibration and shock, acoustic noise and conducted and
radiated EMI (electromagnetic interference).
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There are a variety of pressure transducer technologies avail-
able on the market. These include strain gage, capacitive,
inductive, potentiometric, piezoresistive and digital types.
These pressure transducers are all passive, as they require an
input excitation voltage.

In addition to pressure transducers for continuous oil pressure
indication, most aircraft gas turbine engines are provided with
a low-pressure switch to alert the crew to a critical engine
condition. Federal Airworthiness Requirements (ref. FAR items
23.1305, 25.1305, 27.1305 and 29.1307) require a low oil pressure
warning and/or an oil pressure indicator, depending on the type
of aircraft. The British Civil Airworthiness Requirements have
similar provisions. An oil pressure indicator is also required
by applicable specifications for U.S. military engines.

5.2 Oil Temerature: In conjunction with other oil system parameters,
high oil temperature may indicate and help isolate engine sub-

Asystem malfunction. If oil temperature is sensed at the scavenge
side, extreme bearing distress or hot section seal leakage may be
detected. If the sensor is located downstream of the oil cooler,
its clogging may lead to an over-temperature indication. However,
slow or small changes cannot be determined in advance of a real
problem. This is due to the wide range of independent variables
that affect system temperature levels. These variables include
fuel temperature to the engine (if used for oil system heat sink),
ambient air temperature (if air/oil cooling is used), altitude
and Mach No. No simple diagnostic set of limits can be derived
for multiple sensing or single sensing locations. Sensing multi-
ple temperatures with an on-board computer would provide excellent
diagnostics but would probably not be cost effective.

In general, oil temperature is sensed by thermal resistance
sensors which produce a change in electrical resistance with
respect to temperature (figure 3). Resistance temperature
sensors are generally of the metallic type. The resistance
from the temperature sensor is measured in some form of
Wheatstone bridge. Due to non-linearity and lower accuracy,
thermistor temperature sensors are generally not used for oil
system monitoring.

5.3 Oil Quantity: Monitoring oil quantity and oil added can provide
information about excessive oil consumption, oil system leakage
or fuel contamination. Most engine oil tanks are equipped with
sight gauges or simple dipsticks for pre or post flight oil level
checking. Some commercial and some military engines also have
oil quantity transducers. These transducers are usually of the
mechanical float/reed-switch, capacitance or thermistor types
which can operate in this high-temperature environment. There
are single point (low level) switches (figure 4) as well as
multi-level transducers for in-flight cockpit or maintenance
panel read out.
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5.4 Filter Bypass Indicator: Since a clogged oil filter would
otherwise lead to oil starvation, gas turbine engine filters
have bypass valves which open under increased differential

, pressure. Most filters have provisions to indicate this
condition externally by means of a mechanical or electrical
bypass indicator. An impending bypass indicator is required
by the FAR (ref. items 23.1019, 25.1019, 27.1019, 29.1019 and
33.71) and is also required by the U.S. military (MIL-E-8593).
The impending bypass indicator is set below the bypass cracking
pressure, since the oil wetted components can be damaged by
recirculating debris if the engine is operated with a bypassing
filter. A thermal lockout prevents indication due to cold oil.

The mechanical indicators are pop-up buttons and can often only
be inspected by removing cowlings, etc. The electrical bypass
switch permits cockpit indication.

6. OIL DEBRIS MONITORING: In addition to its function as a lubricating
and cooling fluid, the oil serves as a transport medium for the
debris generated by the rolling and sliding surfaces which are
subject to wear. Wear, accelerated wear, incipient failure and
failure involves the removal of material, although at different
rates. The debris generated in these processes contains valuable
and detailed information about the condition of the wear surfaces.
This forms the basis for engine monitoring via the oil system
(oil debris monitoring).

Parameters by which the debris can be assessed include quantity,
rate of production, material, particle shape, size, size distri-
bution and color. The various debris monitoring methods generally
differ with respect to the parameters which are observed and
the range in which they are measured. Depending on the failure
mode, debris production may increase dramatically in one size
range but not in another. As a result, the individual debris
monitoring methods are said to be effective in deteciing some
incipient failure modes but not necessarily others.

The major concern of engine oil debris monitoring is the prompt
detection of failure modes with rapid progression, particularly
those with short time to onset of significant secondary engine
damage.

In selecting the debris detection method(s) for the engine moni-
toring system, it is necessary to determine: 1) the types of
potential failure modes, 2) their criticality vs. their proba-
bility, 3) the required detection point (timeliness) and 4) cost
effectiveness.

The failure mode assessment should include consideration of wear
and failure mechanisms and of the materials of critical oil-
wetted engine components.
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Wear and failure mechanisms are a result of lubrication and load
conditions and of the mechanical design characteristics of engine
components. Under full-film elastohydrodynamic (EHL) lubrication
conditions, where the film thickness is large compared to the
average surface roughness, the predominant failure mode of rolling-
contact Oarings is spalling or macropitting induced by surface
fatigue." This process produces mostly large debris particles
with a typical size range from 100 to 1000 micron. In the boundary
lubricated and mixed-mode (partial EHL) regimes, where asperity
contact occurs, the debris particles are of smaller size (<100 ":
micron). Under such lubrication conditions, abrasive or rubbing-
type accelerated wear modes are more common. Bearing skidding
can occur when bearing loads are light. It produces very small
debris particles (<25 micron) and can progress rapidly when bear-
ing surface speeds are high.

Wear modes with slow progression rates usually do not lead to.>-

engine failure by themselves. However, they can initiate secon-
dary modes with faster progression rates. For example, a bearing
surface damaged by corrosion can begin to spall eventually. De-
tection of this secondary mode which progresses at a faster rate
then becomes essential.

Sudden failures of oil wetted components caused by fatigue crack-
ing, such as gear tooth or bearing race fracture, are not normally
detectable by any of the methods described in this AIR. Their
failure modes produce little or no debris prior to component

* disintegration. However, this type of failure is extremely rare
in a production engine and can be prevented by proper design and
quality assurance.

In gas turbine engines, main shaft bearings are the most critical
oil wetted components. Less critical are accessory gear box
bearings and gears. In turboshaft and turboprop engines, plane-
tary reduction gear components are also critical. Today, main
shaft bearings are generally made from double vacuum-remelted
steel with high amounts of tungsten and molybdenum. Cages are
also generally made from steel and silver plated. Gear box
bearings may contain bronze cages, as do main shaft bearings of
many older engines. In the future, bearings in some engines -

'

may be made from ceramic materials.

An effective oil debris monitoring system should therefore, as
a minimum, respond to the presence of bearing-type (ferrous)
particles in the oil system. It should also have trending capa-
bility in order to differentiate progressive from non-critical
conditions.

The oil debris monitoring methods currently in use or under ."j
development can be divided into on-aircraft and off-aircraft
debris monitoring techniques. This classification is useful
since the two categories have entirely different hardware and
logistics requirements.
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On-aircraft debris monitoring techniques are based on sensors
or debris collectors which are permanently installed in the
engine lubrication system. They can be augmented by off-aircraft
analysis of the collected debris. Sensors may further require
signal conditioners, cockpit readouts and/or interface hardware
with engine monitoring systems.

The main advantages of on-aircraft debris monitoring methods
are fast response and minimal logistics requirements. This
category includes the following well-established devices in
use on current production engines:

* magnetic chip collector
. electric chip detector
* pulsed electric chip detector
* screen-type full-flow debris monitor

In addition, a variety of devices have been or are currently
being developed without, so far, having been included on pro-
duction engines. Most of these devices have the additional
advantage that they can be interfaced with an on-aircraft engine
monitoring system:

centrifugal debris separator
quantitative debris monitor

* electro-optical debris monitor
* inductive debris monitor

indicating screen
* X-ray fluorescence monitor

on-line ferrograph
degaussing chip detector

* capacitative debris monitor

Due to complexity, cost and weight, some of these devices are f

currently only suited for test stand use during engine develop-
ment. However, they are included in this AIR since they may
eventually be refined for on-aircraft use.

Off-aircraft debris monitoring techniques involve the regular
removal of oil samples or collected debris from the engine and
their subsequent analysis in a laboratory or by means of some
other ground service equipment. The advantage of these techniques
is generally that the more sophisticated instruments used provide "..
more information. These techniques include:

spectrometric oil analysis procedure (SOAP)
quantification and analysis of debris

from magnetic chip collectors
filter analysis

* ferrography
* scanning electron microscope

colorimetric oil analysis
* radioactive tagging

X-ray spectrophotometer
scanning electron microscope (SEM)
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The most widely used debris monitoring methods and the respective
particle size ranges in which they are most effective are:

Magnetic chip collectors 50 to .1000 microns

Electric chip detectors 50 to 71000 microns

Ferrography I to 100 microns

SOAP ei0 microns

For failure modes which produce debris in more than one of these
size ranges, the user can therefore obtain corroborating informa-
tion from two or three different techniques. This is useful since
it aids in the removal decision.

There are, however, failure modes which produce only large or
only small particles or in which small particles are generated
much later than large particles and vice-versa. An example is
surface fatigue (spalling) which generates few, large particles
and becomes detectable by SOAP only, if at all, at an advanced
stage when some of the large debris has been ground up into
smaller particles. It is therefore important to understand
that the user, in collaboration with the engine manufacturer,
must decide how to compliment the on-aircraft debris monitoring
devices usually found on the engine as standard equipment with
other techniques to suit his special requirements.

6.1 On-Aircraft Debris Monitoring

6.1.1 Established Techniques
6.1.1.1 Magnetic Chip Collector: Also referred to as magnetic

plugs or magnetic chip detectors, these devices have been
used in gas turbine engines since the late 1950's. They
are usually installed in main or individual scavenge lines
and accessory or reduction gear boxes. If located below
the oil reservoir level, they should have self-closing
valves which permit the inspection of the magnetic probe
without the need to drain the oil (figure 5). Most of
today's units have high-reliability quick-disconnect locks

>4which eliminate the need for tools or lock wiring. Rare-
earth magnets are used increasingly to enhance magnetic
strength and chip capture efficiency.

The period between inspections of the magnetic chip
collector(s) of an engine should be in relation to its
known failure modes. Intervals vary widely, but are
generally 25 to 50 hours where chip collectors are used
as primary failure detection devices. If a problem exists,
more frequent inspections (even daily or after each flight)
may be justified for a short period of time. Inspection
intervals can be extended as experience is gained and the
engine matures.
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Optimum location for at least the most critical units would
be underneath a separate access door or near the oil filter
or pressure fill fitting so that they can be inspected without
opening of engine cowlings. Partly due to poor accessibility
on some engines, a number of airlines check magnetic chip
collectors only during B-checks (typically 125 hours) or
after high-iron SOAP readings when an incipient failure
is suspected.

The engine maintenance manual should include good illus-

trations of typical debris (see figure 6 for an example),
together with guidelines relating debris particle size
and quantity to likely failure mode and severity. This
enhances the effectiveness of magnetic chip collectors
considerably, since maintenance personnel can compare
appearance and quantity of collected debris with a standard.
However, removal decisions are more accurate if maintenance
personnel is experienced in debris interpretation (especially)
concerning the engine model in question and its predominant
failure modes) or can get support from a laboratory facility.

The proper location of magnetic chip detectors within the
lubrication system is essential to high chip capture efficien-
cy. Magnetic chip collectors should therefore be located in
well-designed "pockets" or inside full-flow debris separators.
This is discussed more fully in section 9. Since magnetic
chip collectors are relatively inexpensive, they can be
installed cost effectively in different parts of the engine,
such as individual scavenge lines and accessory or reduction
gear boxes. This makes failure isolation possible and can
help reduce overhaul costs.

Sophisticated and very effective oil debris monitoring 1)7)
methods have been developed around magnetic chip collectors. '
They involve recording, retention and quantification of
collected debris for trending and analytical techniques for
diagnosis and fault isolation. These techniques are more
fully described in section 6.2.2.

Magnetic chip collectors are most effective for the detection
of failure modes involving the production of large magnetic
particles (100 microns and larger) such as surface fatigue
spalling of bearings, gears and pump elements. If well inte-
grated into the lubrication system so that debris capture
efficiency is high, they can also be used to detect failure
modes which produce smaller debris (bearing skidding, gear
and pump scoring, spline wear and rotating bearing races).
Failures of bronze bearing cages have been detected when
sufficiently far advanced to induce skidding of bearing
elements and generation of magnetic debris.
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6.1.1.2 Electric Chip Detector: Electric chip detectors are essen-
tially magnetic chrip collectors with electric continuity
indication capability. They are used in many U.S. engines
and are required for military turbojet and turbofan engines 1
by MIL-E-50070 and for turboshaft and turboprop engines by
141L-E-8593A. In Europe magnetic chip collectors (see
section 6.1.1.1) are more widely used than electric chip
detectors.

Two types of electric chip detectors are in use: chip
detectors with connectors for remote indication and chip

.4detectors with touch-to-test terminals for ground check-out
with an ohmmeter or continuity tester.

Remotely indicating chip detectors are usually wired to
cockpit indicators. Their main advantages are immediate
response and absence of scheduled inspections. To simplify
visual inspection after a chip light occurrence, self-closing
oil shut-off valves are usually incorporated. This type of
chip detector is used in most U.S.-designed helicopter engines,
some single-engine aircraft with gas turbine engines and some
military long-range patrol aircraft.

Chip detectors for ground check-out are used in many U.S.
military propulsion engines. Continuity checks must be
carried out at frequent intervals (10 flight hours or less).
After deposition of debris, the contact resistance increases
steadily due to the action of hot oil. This has been con-
firmed by washing a chip detector loaded with debris and
reinstalling it into an engine. In order to obviate the
need for frequent checks, the chip detector can be wired to
an indicator with a lock-on feature. This can be located
on a maintenance panel.

The chip sensitive area of an electric chip detector consists
of two electrodes and a magnet to attract magnetic debris
(figure 7). The electrodes are bridged if enough debris has
accumulated, either in the form of a few large particles or
many smaller ones. The spacing between these electrodes is N
generally .045 to .150 inches wide. It depends on engine
size (considerations are rotating component rpm and size
of wear surfaces, quality of oil filtration (good filtration
permits smaller gap spacing) and criticality of failure mode.
Optimum gap spacing may be .060 to .075 inches (1500 to 1900
microns). This size gap will indicate when only a few spalling
flakes are captured. This is especially important if debris
transport within the lube system is not very effective or
where a bearing failure progresses rapidly to secondary engine
damage.

Where provisions are made to ensure good debris transport
and effective debris deposition on the chip gap, electric

B--17

'taw

4 4 V..7

6..12Elcri Ci Dtctr:Eecrc hi etcor aeese- M



1%12

- 12- j"
chip detectors are effective indicators of incipient failure.
They are especially effective for surface fatigue-type fail-
ures which generate particles larger than 100 micron in size.

As in the case of magnetic chip collectors, engine maintenance
manuals should contain good instructions for debris inter-

* pretation (see figure 8 for an example). This aids in the
removal decision.

A serious draw back of electric chip detectors is that they
have no trending capability and, if wired to a cockpit indi-
cator, can cause false alarms. They are therefore not well
suited to being interfaced with engine monitoring systems
(EMS).

False alarms are mainly caused by background debris and by
electrical problems. They can be reduced by improved oil
filtration and cleanliness during engine build-up to reduce
background contamination and use of state-of-the-art connec-
tors to eliminate electrical problems.

6.1.1.3 Pulsed Electric Chip Detector: In lubrication systems with
conventional filtration levels (coarser than 15 microns), false
chip indications of electric chip detectors are predominantly
caused by build up of fine, non-significant wear debris on
the chip detector. These can be suppressed by delivering a
current pulse from a capacitor to the chip detector, melting
the fine debris.

This does not affect significant, failure-related debris
which has a larger cross section. The current pulse can
be initiated automatically when the gap is bridged or
manually by the pilot after the chip light illumination. Fig-
ure 9 shows a pilot-initiated system for helicopter cockpit
installation. Due to their simplicity and success in dealing
with false indications of this type, these systems have
found acceptance in helicopter engines, although their main
area of application todate is in helicopter transmissions.
Since production of fine debris at an increased rate can
signify bearing failure, a pilot-initiated system provides
earlier warning and permits limited trending. For auto-
matically initiated systems, such trending is also possible
if the current pulses are recorded by mechanical counters
or an EMS. ""

6.1.1.4 Screen-Type Full-Flow Debris Monitor: In engines of older
design, the chip detectors are installed in scavenge lines
or accessory gear boxes with no provision to capture the
debris other than by magnetic attraction and sedimentation.
In such installations, most of the debris bypasses the chip
detector and finds its way into the oil filter. This can
cause delayed or unreliable failure detection.

.
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A full-flow debris monitor is designed to scan the entire
scavenge flow. This enhances fialure detection efficiency
substantially. 3) Figure 9 shows a screen-type full-flow
debris monitor for a modern turboshaft engine. The screen
can be removed for cleaning. Located inside is an electric
chip detector. The screen openings are on the order of 500
microns, giving the device a capture efficiency of 100% for
particles above that size. Such units are also in use with
self-closing valves and with separate housings for installa-
tion in external oil lines. They can function as scavenge
pump inlet screens.

6.1.2 Experimental Techniques

6.1.2.1 Centrifugal Debris Separator: A full-flow debris monitor
without screen is shown in figure 11. Its tangential inlet
nozzle creates an internal vortex which separates the
entrained debris effectively down to about 100 microns with
acceptable pressure drops.4y

The unit is intended for installation on the pressure side
of the scavenge pump. The debris sensor can consist of a
magnetic chip collector, electric chip detector or other
debris-sensitive device. The unit operates best in well-.
filtered oil systems. An additional advantage is its ability
to de-aerate the oil by means of a separate air exit nozzle.
This feature is optional, however.

6.1.2.2 Quantitative Debris Monitor: Two of the most characteristic
parameters for detection of an incipient failure are the
rate of debris production and particle size range. Trending
these parameters permits detection with high reliability and
can help in determining how long the engine can be used safely. .-

Figure 12 shows a quantitative debris monitoring system con-
sisting of a sensor and signal conditioner. This system pro-
vides real-time signals in response to the arrival of discrete
magnetic particles whose mass are in excess of the detection
threshold of the device.

The sensor can be installed in a screen-type full-flow housing
(see section 6.1.1.4) or centrifugal debris separator (see
section 6.1.2.1) to enhance capture efficiency. It collects
the debris particles for visual inspection like a magnetic
chip collector and also has a self-closing valve. The signal
conditioner can record discrete particle arrivals on a mechani-
cal counter and differentiate them into two size ranges. It
also has TTL- or CMOS- compatible output options for the two
size ranges for interfacing with engine monitoring systems (EMS)
or event recorders. A BITE feature is included.

A substantial advantage of the quantitative debris monitor
is that its output signal can be trended. This provides
prognostic information about oil wetted component condition.

B- 19
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This system has undergone successful engine test cell and
bearing test rig evaluation. It is especially effective
for surface-fatigue type failure modes.

* 6.1.2.3 Electro-Optical Debris Monitor: Under evaluation for a
period of years, the unit shown in figure 13 optically scans
the oil flow for entrained debris and oil condition. Metallic
particles entrained in the lubricant scatter the light from
an infrared light source. The scattered light is detected
by a phototransistor and related to particle concentration.
Attenuation is also determined and related to oil condition.
The system is most sensitive for particles below ten microns.
It is therefore effective for failure modes involving the
production of large quantities of fine particles. Since the
device is sensitive to entrained air, it should be located on
the pressure side of the oil system, after the oil has been
deaerated in the reservoir. The unit also requires a signal
conditioner which is not shown in figure 13.

6.1.2.4 Inductive Debris Monitor: This device consists essentially
of two coils which enclose two sections of the oil scavenge
line. One coil is for reference. A large particle entrained
in the oil induces a voltage pulse in the unit which is
amplified and counted. The system has been undergoing
evaluation for a number of years and at least one engine
company has reported good results on a bearing test stand.

6.1.2.5 Indicating Screen: Based on a patented weave of conducting
wire and insulating spacer rods, a screen made from this
material becomes a directly indicating full-flow debris
monitor. It is unaffected by fine wear debris. The minimum
particle size threshold is determined by the smallest screen
openings which can be achieved in production. Figure 14
illustrates a unit designed for installation in an external
scavenge line.

6.1.2.6 X-Ray Fluorescence Monitor: Under development since the
mid 1960's, the system employs radioisotope excited X-ray
fluorescence (XRF). A small radioactive source is used
to excite metal atoms suspended in the oil as wear debris
to emit characteristic X-rays. The X-rays pass through an
X-ray transparent window out of the flow chamber and are
detected by a gas-filled proportional counter and signal
conditioner and are used to provide an in-line measure of
wear metal quantity. The sensitivity of the unit is
currently at the ± 3 ppm level but is expected to be
improved.

The use of an X-ray monitoring system using a radioisotope
excitation source on board aircraft is limited due to
current shielding technology. It may require compliance
with safety regulations relative to the storage, use and -t

disposal of the radioactive material.
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6.1.2.7 On-Line Ferrorah: The principle of ferrography, described
in section 6.2, as been used to develop a real-time device
suitable for installation in engine lubrication systems.
The unit samples the oil stream and measures the concentration
of two size ranges of magnetic particles by depositing them
on a surface effect capacitive sensor in a high-gradient
magnetic field. Installation guidelines must be followed to
ensure delivery of a hot, representative oil sample to the .-
sensor. A signal conditioner is also required. As currently
configured, the unit is designed for stationary applications
and engine test stand operation only.

6.1.2.8 Degaussing Chip Detector: An electric chip detector with
the capability to demagnetize itself after particle capture
would give multiple indications in response to continuing
debris production. Two devices of this type have been pro-
posed. The first is a chip detector with electromagnet,
rather than a permanent magnet. When a particle bridges
the chip gap, an external signal conditioner shuts off the
DC current to the electromagnet and turns on a decaying AC
current to demagnetize the pole shoes. After the particle
drops off, the DC current is turned on again. The second
unit has a permanent rare-earth magnet but an additional
electromagnet is used to impose an opposite magnetic field
on it for a short period of time, thus making it effectively
non-magnetic. The high remanence of the rare earth magnet
restores the permanent field after the electromagnet has
been turned off.

6.1.2.9 Capacitative Debris Monitor: During the U.S. Army AIDAPS
(Automatic Inspection, Diagnostic and Prognostic System)
program, a unit was evaluated which sensed capacitatively
the amount of debri deposited between two electrodes by
means of a vortex.i Although the unit was found to have
mechanical problems which precluded its evaluation, the
principle may be promising.

6.2 Off-Aircraft Debris Monitoring

6.2.1 Spectrometric Oil Analysis Program (SOAP): Spectrometric
Oil Analysis is the most widely used off-aircraft oil moni-
toring method. The procedure requires that a small oil
sample be taken from the engine and transmitted to a
specially equipped laboratory for analysis where the sus-
pended metal particle content is determined spectrographically
in parts per million. The results are then interpreted and
put into a form that may be used for determining required
maintenance action. A

The technique relies on the fact that oil wetted components,

under certain conditions of accelerated wear, produce larger-
than-normal quantities of fine wear particles which are
carried away by the oil. This leads to an increase in wear
particle concentration in the oil.
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The spectrographic analysis involves determination of the
light spectrum generated by the oil sample as it is burned.
Trace element content is determined by the frequency and
intensity of the resultant spectral lines. Two approaches
are commonly employed: atomic emission and atomic absorption
spectroscopy.

Atomic emission spectroscopy uses a high voltage arc to burn
a small portion of the oil sample and measures the resultant
light intensity in specific narrow frequency ranges utilizing
a diffraction grating and photo multiplier tubes. These are
located at points where specific spectral lines of interest
are projected. The results can be printed out directly by a
computer connected to the instrument. Samples can be processed
quickly, and this method is therefore the most common.

Atomic absorption spectroscopy measures the absorption of
specific light frequencies associated with trace elements of
interest. High-intensity light is passed through a flame
(usually fueled by an air-acetylene or oxygen-acetylene
mixture) into which the suitably diluted oil sample is aspirated.
The light source is monochromatic and associated with the
element of interest. Free atoms of that element in the flame
absorb the incident light to a degree proportional to the
amount of trace element present, with the remaining light being
transmitted through the flame and measured electronically. The
test is then repeated, utilizing different light sources for
each element. Atomic absorption spectroscopy is more sensitive
than atomic emission spectroscopy but is more time consuming.

The upper limit of particle size which can be detected is in
the 5 to 8 micron range for the emission spectrograph and
somewhat less for the absorption spectrograph. SOA is there-
fore suited to those types of accelerated wear modes which
produce large quantities of fine particles, such ad fretting,
bearing skidding, cage rubbing, (,ear scuffing and bearing race
rotation. It is not very effective for fatigue-type failure
modes (spalling, pitting and cracking) where small particulate
generation is not significant.

A critical requirement for the successful application of
Spectrometric Oil Analysis to engine oil monitoring is careful
and consistent oil sampling methodology. Representative oil
samples, taken with clean sampling equipment, must be taken
sufficiently often to allow meaningful data trending.

Sampling intervals vary from as short as one sample per flight
on some military applications, to more than 50 flight hours
on some commercial aircraft programs. In general, the interval
is established by economic, operational and previous failure
history considerations for the engine being monitored. For
example, a joint European airline consortium has established
and proven the effectiveness of an 80-flight-hour sampling
interval.
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Oil samples taken must be representative of the circulated
oil in order for the analysis to be valid. The most common
method used by airlines involves samples taken through a
filler port with a sampling tube extended to the center of
the oil tank (figure 15). The U.S. military services, through
their Joint Oil Analysis Program (JOAP), have developed two
standard sampling kits for all military equipment in the
program. They consist of a 17 ml glass bottle and poly-
ethylene tubes in two different lengths. Sampling is per-
formed from the oil reservoir or through chip detector
valves (figure 16).

It is recommended that samples be taken no more than 15 to
30 minutes after engine shutdown to minimize settling of
wear particles of interest. Samples should not be taken
through the tank drain fitting, since unrepresentative
sediment concentration may exist at this point. Oil samples
should be taken in roughly similar locations and at estab-
lished times after shutdown to assure maximum consistency.
Sample tube and container cleanliness is also very important.
Contamination in the sampling equipment can produce erroneous

* analyses and lead to unnecessary maintenance actions.

Modern spectrographic instruments provide the capability of
analysing at least 20 different elements. However, the --

majority of SOA programs limit analysis to 6-9 of the most
common elements found in lube systems. The detection limit
depends on the nature of the instrument and on the vaporiza-
tion temperature of the element of interest. For example,
the detection limit for iron in an emission spectrograph is
approximately 3 ppm, and in an absorption spectrograph 0.1 ppm.

Some of the more common elements detectable with routine
sampling and their significance are:

Iron - possible wear in gears, splines,
bearing races and/or rolling elements

. Molybdenum - possible wear in bearing elements made
from high-temperature, high-strength
steel such as M50

• Aluminum - possible wear of some gear cases, shims
and spacers

Copper - possible wear in alloyed components of
bronze, for example, bearing cages

" Silver - possible wear in plated parts such as
• .bearing cages

. Titanium - possible wear in bearing hubs
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The instruments are calibrated for each element with commer-
cially available standards.

Depending on the result of the analysis in parts per million,
further action is triggered either by exceedances in wear
metal concentration or in rate of concentration. Thresholds
are set on the basis of large sample populations from
engines considered to be operating normally, recommendations -4

from the engine manufacturer, metallurgical information
concerning engine components, from other engine models of
similar design and from correlation with inspection results
after removals. Rate of concentration is a more significant
parameter than concentration itself since it relates directly
to rate of wear-metal production.6 ) In engines with signifi-
cant oil consumption, oil replenishment must be taken into
consideration to obtain meaningful results. However, in
large, dispersed fleets this may be difficult to accomplish.

Despite the complete quantification of the data, their in-
terpretation is somewhat subjective and requires experience
and communication between laboratory and maintenance personnel.
to resampling to confirm or disprove abnormal readings. If

readings are confirmed, additional maintenance actions such
as inspection of chip detectors, screens and filters, areusually recommended. Previous maintenance actions'or special

conditions affecting the engine need to be considered. The
sample also can be filtered and the residue examined micro-
scopically to determine if larger debris is present to confirm
an incipient failure.

Typical wear metal patterns can be used for failure isolation
if certain engine components have characteristic compositions.
Reference 6 describes a method to identify debris sources
in terms of characteristic wear metal concentration rates.
This system is used by the French Air Force.

Spectrometric oil analysis programs have been applied widely
to both military and commercial gas turbine engines. The
disadvantages of the technique are high initial equipment
cost, the logistics of application (especially the time
delay between sampling and maintenance action), the high
requirement for sample cleanliness and integrity and the
limited effectiveness for fatigue-type failures. An
additional disadvantage is its current inability to work in
oil systems that have very fine filtration (see section 9.3).

Important advantages are the ability to quantify and trend
data easily and to detect the presence of various types of
wear metals, including non-ferrous, and of foreign contami-
nants in the lubrication system.
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6.2.2 Quantification and Analysis of Debris from Magnetic Chip
Collectors: Some non-U.S. airlines and military services
have developed sophisticated and effective failure detection, --1
prognostication and isolation systems based on magnetic chip
collectors. I) ,7 ) The magnetic probes (such as the one shown
in figure 6) are removed from the engine at regular intervals,
typically every 25 or 50 hours, and replaced with clean spares.

An initial assessment of the severity of contamination, if
any, is made on the flight line. The probes are then sent
to a laboratory for cleaning, visual inspection under a 20X
microscope and classification, recording and archiving of
the collected debris. The amount of debris can be measured
with an inductive instrument called debris tester. The
reading can be trended and compared to preset rate thresholds.
This provides a more objective basis than mere visual observa-
tion. The predominant failure modes of a given engine model
are usually recognizable to experienced personnel by shape,
size and quantity of the debris. As an incipient failure
develops, the inspection interval is reduced until the engine
is removed with the certainty that a problem exists. If a
scanning electron microscope with energy dispersive capability

.2** is available, debris material can be identified. This aids
in diagnosis and fault isolation.

This system is particularly effective for engines with lubri-
cation systems specifically designed for optimum oil debris
monitoring. This depends on number, location and capture
efficiency of the magnetic chip collectors (see section 9).

'. Ideally, each bearing return line and gear box should be
equipped with a magnetic chip collector for fault isolation. .

Although U.S. airlines do not sample and replace chip collectors
routinely, many of them perform regular routine checks and -
use them for failure verification when other indications of
incipient failure exist.

6.2.3 Filter Analysis: A quick visual assessment of the debris
content of the oil filter is often performed in an attempt
to verify SOAP or chip detector indications. This is
especially applicable to engines in which chip detector
installations have low capture efficiencies. However, so-
called "educated filter checks" have been used by some airlines
for many years. ' This involves the careful backwashing or
disassembly of the filter element and subsequent microscopic
analysis of the debris collected on a piece of filter paper.
Prognostic information can be obtained by analyzing size,
size distribution, quantity, color and shape of the debris.
Previous experience is used to judge the severity of a pro-
gressing failure.
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6.2.4 Ferrography: Under development during the last several years,
Teirrography is both a laboratory technique for the microscopic
classification of wear debris suspended in oil samples and a
method to quantify the data in a simple way for working use.
As is the case with magnetic chip collectors, the visual
analysis of the debris requires skill and training; as with
SOAP, sample cleanliness and sampling method are critical.

The technique depends on magnetic precipitation of ferrous
particles. It is most sensitive to particles which lie between
1 and 100 microns. This range overlaps that of SOAP at the
small end and of magnetic chip collectors at the large end and
the technique therefore has high potential.

There are two types of ferrograph, the Direct Reader (DR) and
the analytical ferrograph.

In the DR ferrograph the oil sample, diluted with a solvent,
is passed through a sloping glass tube which is positioned
above the poles of amagnet. The downward velocity of a
ferrous particle in the magnetic field is approximately pro-
portional to the square of its size. Hence, there is a maximum
distance that can be travelled by a particle of a given size.
Particles become deposited on the wall of the tube graded
according to size. The amount of debris is measured optically
at two positions, namely at a "large" position (DL) and a "small" .-
position (DS). These two readings are related to wear particle
concentrations and may be combined to give a severity of wear
index. There are several different forms of this index, suchas : ..

DL"

DL (DL - DS)

D 2 D 2

(L s)

(DL + DS)

The user may determine which form is most suitable to his needs.

In the analytical ferrograph, an oil sample is caused to
flow over a glass or plastic substrate in the presence of
a strong magnetic field gradient which pulls the particles
to the substrate. The oil is then washed away with a
solvent, leaving the particles clean, aligned, and fixed to
the substrate surface. The resulting particle display
(ferrogram) is a permanent record. When non-ferrous metal
particles are present in the oil they are usually magnetic
enough to separate, especially when they were generated in
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" a ferrous/non-ferrous interface. Contamination particles, --both organic and inorganic, can also be separated. For

example, this technique is widely used for contamination -
. ~studies in hydraulic systems. The ferrous metals can be -

a..

~differentiated into broad alloy classes by their temper
, ~color. The shape and morphology of the particles reveal i''
' the mode of wear, such as wear, scuffing, corrosion or lack".

j ~of lubrication. A special microscope/camera system called ..
a Ferroscope is available which has a number of features

". to permit rapid analysis of the ferrograms.

Both DR and analytical ferrograph have been used to monitor-.
the health of several different types of machinery. It-
appears that the most satisfactory method is to use the DR
ferrograph to monitor the severity of wear index and when :
this or its rate of increase becomes large, the analytical .
ferrograph can be used to determine the type of wear. -[

~As is the case with SOAP, special consideration must be ..
given to sample integrity. Since the wear particlescles,
addressed by Ferrography are larger than those for SOAP,
settling is an even more important consideration in obtain-
ing representative wear particle distributions The method
also is not as effective for fatigue-type failures as it
is for abrasive-type accelerated wear modes and is inter-
hfered with by fine filtration

6.2.5 Colorimetric Oil Analysis Colorimetric Oil Analysis was
developed and used for monitoring iron and copper in turbine
lubricants by the Australian Defense Standards Laboratory
during the late 1960's. This technique involves the analysis
of the wear metal by acid extraction from the lubricant n
buffering of the extraction solution and subsequent chelation
with an appropriate indicator to produce a colored metal
complexA The concentration of each wear metal is determined
by measuring the intensity of the color formed and comparison
with standard calibration data. t h r

Using this approach, the U.S. Air Force has developed a -
Colorimetric il Analysis Kit for measuring the iron con-d
centration in lubricating oils. It is designed for use at

~~remote locations where spectrometric oil analysis is not"-
~~available. This kit weights 25 pounds and requires an.--i obanalysis time of approximately 0 minutes. The colorimeter

ereads directly in parts per million iron. The wear metal

~~~guidelines and threshold values required for the evaluation -,-
of the data are the same as those established for the atomic -
absorption spectrometer.

Development of a Colorimetric Oil Analysis Kit for titanium
has recently been completed using the same principle as that
for the iron kit. These two kits are being developed into
one Colorimetric Oil Analysis Kit.
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6.2.6 Radioactive Tagging: Since the early 1960's, various radio-
active techniques have been investigated and applied to test
systems for measuring bearing wear and the monitoring of wear
debris in the lubrication system. These techniques have
good sensitivities and repeatable wear measurements but utilized
radiation levels which are unacceptable for turbine engine
monitoring. The practical constraints of radioactive tagging
of turbine engine mainshaft bearings includes consideration of
safety, handling and maintenance procedures.

A safe low level radiation technique for the detection of wear
occurring with mainshaft bearings has been developed and demon-
strated, using high speed cylindrical roller bearings in a test
rig. Iron-55 is employed as the active tag and is obtained
through the neutron irradiation of the bearing rollers. Iron
-55 provides low radiation levels, long half-life and homo-
geneity of the isotope in the rollers. The low level of
radiation in the tagged wear particles requires the separation

of the wear debris from the oil by filtration or some other
means. Testing shows that the tagging method would provide a
means of identifying tagged roller wear at the ± 0.5 part per
million level in a 5 gallon capacity test system. Radioactive
tagging techniques would be most suited for identifying abnormal
wear occurring with a critical or problem related mainshaft
bearing.

6.2.7 X-Ray Spectrophotometer: This instrument, which may be avail-
able in materials laboratories of major airlines, military
services and engine manufacturers and in commercial metallurgical
laboratories, permits determination of material composition of
debris particles. In an evacuated chamber, debris particles
are irradiated by an X-ray tube. Their atoms emit secondary
X-rays with characteristic energies. The intensity of this
emission is proportional to the amount of the element present
in the sample. In this way, alloys can be identified precisely.
However, if the sample contains particles of diffdrent materials,
the resulting spectrum is a mixture of the spectra of the indi-
vidual particles and must be interpreted.

6.2.8 Scanning Electron Microsco~e (SEM): This instrument is also
only available in well-equipped materials laboratories. It
permits viewing of individual debris particles at great magni-
fication. This can provide information about the process of
their generation and, therefore, about the failure or wear
mode which produced them. Energy-dispersive X-ray analysis
(EDAX) provides spectra of secondary X-rays emitted by the SEM
sample which are characteristic for a given element. Indi-
vidual alloys can therefore be identified precisely. The
advantage of the EDAX over the X-ray spectrophotometer is
that it can determine the composition of individual debris
particles.
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7. OIL CONDITION MONITORING:

7.1 Physical/Chemical Proeerties: Physical/chemical property analysis
of used oil can provide information about the condition of the
oil as well as certain engine malfunctions.

The rate and degree of oil degradation in a turbine engine is
dependent on aeration, temperature, oil consumption, oil system
capacity and oil formulation. For normally operating engines,
the rate and degree of oil degradation are low and are compen-
sated by oil consumption and replenishment. Changes in engine
operating condition resulting in higher aeration (increased
oxygen availability) or higher oil temperature such as seal wear
can cause a significant increase in the rate of oil degradation.
Tests for oxidation, additive depletion, solids content, fuel
dilution, viscosity and total acid number can be performed in
the laboratory to determine lubricant serviceability. However,
they are rarely performed routinely in the field because they
are equipment and labor intensive.

7.2 Complete Oil Breakdown Analyzer (COBRA): The COBRA instrument
is under development by the U.S. Air Force to routinely determine
oil quality. Increased degradation produces changes in the
electrochemical properties of the oil which is measured by the
instrument.

The COBRA instrument measures 10 x 5 x 5 inches, weighs 8 pounds
and is battery powered. After the instrument is calibrated,
obtaining a COBRA measurement, including data recording, takes
approximately one minute and requires only two drops of the
lubricant. The small test volume permits use of residual SOAP
samples thus eliminating the cost and time required for separate
oil sampling. The COBRA instrument is intended to extend oil
change intervals, i.e. to change oil "on condition" rather than
at fixed intervals.

7.3 Total Acid Number Kit (TAN Kit): The TAN kit was developed
for the U.S. Navy as a field go/no-go determination of the
acidity of MIL-L-23699 lubricating oil. The Naval Air Pro-
pulsion Center (NAPC) established a TAN of 2.0 mg koh/gram
as the maximum at which MIL-L-23699 oil should be used.

The TAN kit, composed of a bottle of acetone solution neutralized
to pH 7.0 and a vial of aqueous sodium hydroxide reacts with a .

5.0 ml volume of sample oil to produce a color change that indi-
cates either a "go" (&2.0 TAN) or "no-go" (r2.0 TAN) condition.

8. GENERAL REQUIREMENTS: The design and use of oil system monitoring
should consider the following factors:

. life cycle cost (including inspection and
support requirements)

" type and criticality of oil wetted component
wear and failure modes
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detection and fault isolation capability
* engine modularity
* debris transport within the oil system

degree of oil filtration
* qualitative and quantitative criteria for

engine or module removal I
• human factors
* maintenance crew training
. coordination and participation of equipment

suppliers, engine and aircraft manufacturers
and users

* documentation (i.e. manuals)

For on-aircraft oil debris monitoring methods, the following
additional considerations apply:

* sensor integration into the oil system
* environment
* weight and reliability of on-aircraft

equipment, including wiring, connectors,
and signal conditioners

* accessibility
inspection and/or cleaning requirements

* location of fault annunciators (cockpit
or maintenance panel)

. interfaces
BITE

Additional considerations unique to off-aircraft oil debris
monitoring methods are:

sampling provisions and equipment
* sampling frequency
* response time
* cost of laboratory and support equipment

and personnel
. logistics
• oil consumption and replenishment
• calibration requirements

The guidelines of ARP 1587 (Aircraft Gas Turbine Engine Moni-
toring System Guide) also should be reviewed and applied to
ensure that oil system monitoring is effectively integrated
into the overall engine monitoring system.

9. OIL SYSTEM CONSIDERATIONS FOR ON-AIRCRAFT DEBRIS MONITORING:
All on-aircraft debris monitors, whether in production or experi-
mental, rely on the debris transport characteristics of the oil
system. Most respond to debris in a size range cosiderably
larger than the separation capability of the oil filter and are
therefore installed upstream of the filter. Some of the experi-
mental sensors listed in section 6.1.2 contain electronics and
are not suitable for installation on the hot scavenge side where
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oil temperatures can exceed 2000 C (4000 F). The proper under-
standing of the capabilities and limitations of the debris sensor
is essential to its effective operation.

9.1 Sensor Integration Into The Oil System: The probability of
detecting an incipient failure increases with the amount of
debris available to the sensor. Figure 17 shows a section of
a typical engine oil system schematic with a debris generating
site, pump screen, scavenge pump and debris sensor to illustrate
this relationship. The debris available for detection at the

*sensor site depends on the transport efficiency of the oil
system.

As figure 17 illustrates, the debris transport efficiency nT
determines what fraction of the debris generated by the source
arrives at the sensor location. It depends on oil system layout,
fluid velocity and particle size. For example, the scavenge
system shown in figure 17 traps all particles larger than the
openings of the pump screen. Its nT for this size range is
therefore equal to zero. Additionally, in an actual lubrica-
tion system, particles can stick to cavity walls or can be
trapped in corners.

The debris capture efficiency nC applies to sensors which capture
the debris for failure detection (e.g. magnetic chip collectors,
electric chip detectors). It is a function of sensor charac-
teristics, particle size, fluid velocity and the design of the
cavity in which the sensor is located.

The debris indication efficiency nT represents the sensitivity
of the sensor and system to a particle of given size and
material.

The overall debris detection probability is given by

ID= T TiC nI

and corresponds to the fraction of particles indicated versus
those which are generated at the site.

Effective diagnostic capability requires optimizing these
quantities during oil system design and development and, if
possible, measuring them through oil system rig testing. If
the debris transport and/or capture efficiencies are low,
as is the case in many older engines, the sensitivity n, of
the sensor must be high to compensate for it. This, in turn,
makes the system more susceptible to false alarms. Even then,
incipient failures which release only a few large particles
(e.g. gear tooth fracture) may not be detected.
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Debris capture efficiency is enhanced by passing the entire
oil flow through the debris monitor (full flow debris moni-
toring) and by including positive means to separate the debris
from the oil. As examples, figure 18 shows a variety of
scavenge line installations of chip collectors and electric
chip detectors with their respective capture efficiencies at
comparable flow rates.

9.2 Oil System Layout For Optimum Prognostic And Cost Effectiveness:
The requirement to detect more failure modes with greater
reliability increases sensor and system cost. At the same
time, the requirement for fault isolation to an engine module
or bearing set requires multiple sensor locations. For cost
effectiveness, the functions of failure detection (requiring ..-
one sophisticated sensor and in-flight signal processing
capability) and isolation (requiring several sensors for ground
checkout only) can be separated. This "Master/Slave" system
is incorporated in figure 1. A high-performance full-flow
debris monitor ("Master") is installed in the main scavenge
line. For the purpose of failure isolation, additional probes
("Slaves") are located in each of the bearing return lines and
in the accessory gear box. These can consist of simple magnetic
chip collectors whose capture efficiency is kept low so as not
to interfere with the operation of the master detector.

For off-aircraft debris monitoring, the oil system must have
provisions for oil sampling. Although samples are generally
taken from the reservoir, some military engines have oil sampling
valves (figure 19) which permit removal of samples from a line
rather than from the oil reservoir. This enhances sample
repeatability but increases sampling cost due to reduced hard-
ware standardization.

9.3 Oil Debris Monitoring And Filtration: The benefits of p;9ved
filtration for longer bearing life are well-establishedhy
and widely accepted. For this reason, there is an increasing -

trend to use finer filters on aircraft gas turbine engines. At
least one modern turboshaft engine, the T-700, incorporates an
ultrafine filter with a rating of 3 micron absolute. Field
experience with this engine has demonstrated that SOAP becomes
ineffective at these filtration levels. The engine incorporates
a screen-type full-flow debris monitor which is very effective.

The trend towards finer filtration is expected to increase the
number of engines in the field for which traditional off-aircraft
debris monitoring, such as SOAP, is ineffective. This should
stimulate the development of more sensitive off-aircraft moni-
toring methods. Among on-aircraft monitoring systems, it should
favor those which have "single-pass" capability, i.e. which do
not require debris enrichment of the oil through recirculation.
Since fine filtration removes most of the recirculating background
debris, magnetic chip collectors, electric chip detectors and
quantitative debris sensors benefit from this trend.
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oTINY. AIR-LIKE. METALLIC ,IA
TIN~, MIo -L KE 1A

MANY SMALL PIECES SFIRAL SHAPED CURLS SKULLR TO
POWDERY SLIVERS. 14 INCH. 1/64 .n

FUZZ UILP M NCNINI DEBRIS * ING DEBRIS

A L LOWED
-'" |~~~~~~~LACK CABNBITSsnv LTI t s""

SILVER PLATING FLARES

\ I DNEI, L.? Is
.. 5.

t7,- NOT ALLOWED'

SILVERY IN COLOR.MAGNETIC
SMALL. DARK. IRREGULAR.

CLUSTERS OF SHALL MAGNETIC PARTICLES

FAE

CHIPS OR FLAKES4-':

NOTE
OUIRING NOMAL ENGINE OPERATION. SOME BUILDUP OF FUZZ-LIKE MAGNETIC
PARTICLES WILL Kf FOLUI ON THE CHIP DETEC!OR WHEN IT IS REMOVED AND

4INSPECTED. OTHER MATERIALS SUCH AS NONMETALLIC SLUDGE. METALLIC SLIVERS.
NONMAGNETIC FLAKES. DOMl POWDER OR MACHINING CHIPS (THE LATTER ESPECIALLY
ON NEW ENGINES) WILL BUILP ON IHE DETECTOR. IHE NOA#T WILL VARY BUT

.4 SHOULD NOT K1 CAUSE FOR ENGIN4E REMODVAL.

Fig.8 Maintenance Manual Excerpt For Chip Detector
Debris Interpretation
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